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Abstract 
Soil and agricultural management practices (AMP) that are able to provide for an increasing 
population while meeting environmental existential challenges have gained considerable 
attention in recent times. Such AMP influence the soil profile and hydrological components for 
varying depths and patterns, depending on site-specific and environmental conditions. Though it 
is well known that management-induced changes of soil structure have consequences on soil 
hydraulic properties (SHP) and water fluxes, their dynamics through a season or on a long-term 
basis are hardly studied. Typically, an invariant soil pore system is assumed when modeling the 
transport of water and solutes in the soil system which leads to incorrect predictions of the 
dynamics of water balance components. Ultimately, this may lead to poor decision making and 
mismanagement of environmental resources. Hence, the present study quantifies the dynamics of 
SHP from existing studies and evaluates a model that is able to capture soil pore space dynamics 
following tillage. The objectives were to (1) investigate the quantitative effects of agricultural 
practices on soil structure and hydraulic properties and the subsequent response of the water 
balance components (2) evaluate a pore space evolution model for its capability in predicting the 
evolution of soil pore size distribution (PSD) for two cases: a) when there is a change in the 
tillage regime and/or land-use change b) in the months following tillage (3) derive corresponding 
soil water retention and hydraulic conductivity functions to incorporate them in hydrological 
models 
To achieve these objectives, first, a review of contemporary literature was undertaken to analyze 
the impacts of anthropogenic and environmental influences on SHP. The analysis indicated the 
relevance of studying temporal alterations of soil structure and SHP. Thereafter, a numerical 
model was evaluated for its ability to capture the dynamics of soil pore space with respect to 
time and pore radius using water retention parameter data sets from different parts of the world. 
The physically based coefficients of the model simulated the processes that were expected to 
occur after tillage. Furthermore, saturated hydraulic conductivity was obtained from the initial 
and final pore size distributions. Using the final pore size distribution curve and water retention 
function, the hydraulic conductivity function was also derived. The resulting water retention and 
hydraulic conductivity curves can directly be used as input in hydrological modeling studies.  
xvi 
 
The results of the literature review indicate that, generally, soils show an abundance of large 
pores immediately after tillage. Those pores are not stable with time mainly due to precipitation 
and biological activity. Saturated hydraulic conductivity decreases in periods of rainfall along 
with the number of macropores and the overall porosity. Thus, the infiltration rates and 
capacities also decrease. However, the results of existing studies cannot be generalized owing to 
discrepancies in the dynamics of SHP, infiltration rates and soil moisture dynamics for soils 
under similar agricultural management practices. They are attributed mainly to a lack of 
standardization of research methodology as well as to site-specific conditions. Furthermore, it 
was also seen that incorporating the temporal dynamics of SHP in hydrological models produce 
more reliable and accurate modeling outcomes in comparison to studies with constant SHP as 
model input.  
The evaluation of the pore evolution model illustrated its suitability in capturing the temporal 
dynamics of soil pore space in response to tillage and environmental influences. High effective 
rainfalls and plant growth stages at which measurements were done affected the model 
performance. The use of sink/source terms and providing new initial conditions after high 
intensity rainfall events were provided as a means to improve the modeling outcomes. Though 
the model performed quite well in obtaining the water retention function as well as the saturated 
hydraulic conductivity and hydraulic conductivity functions, the high spatial variability in the 
sampling sites hampered with the model output. However, the main limitation lay in the lack of 
availability of sufficient data sets to calibrate and validate the model and its coefficients as well 
as for the derivation of SHP from the model.  
Overall, this study is a forerunner in predicting the temporal dynamics of soil structure and 
hydraulic properties. The established dynamics in the water retention and hydraulic conductivity 
functions can be used in hydrological simulations for planning land-use and management 
measures. The current study also reveals the need for more measurements and data sets that 
capture the alterations in soil hydraulic properties on a long-term basis.  
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1. Introduction 
1.1 Background and motivation 
“The nation that destroys its soil destroys itself” – Franklin D. Roosevelt (1937) 
The need to provide food to a growing population against the backdrop of climate change 
presents a continuing challenge to protect our environmental resources while intensifying 
food production. In this context, the sustainable development goals (SDG) provide clear 
targets and guidelines towards achieving zero hunger, providing clean water and limiting 
environmental degradation among others. The use and management of our soil resources has 
been acknowledged and recognized as a key player towards addressing the SDG and 
overcoming environmental existential challenges (Chandrasekhar et al., 2018; Keesstra et al., 
2016). Consequently, soil management measures that are adaptive to regional climate 
perturbations while providing increased crop yield with minimal disturbance on the 
environment are gaining increasing importance. These agricultural management practices 
(AMP) encompass a wide range of measures such as mulching, fertilization, different types 
of tillage (e.g., reduced tillage, no tillage), cover crops, seeding etc. Such practices are often 
not separate but are part of the broad spectrum of sustainable land management practices 
(Dumanski and Peiretti, 2013) and they serve to improve environmental benefits while 
reducing soil degradation. 
Though AMP are typically applied as instantaneous events, their effects on soil structure and 
transport properties are discernible over various spatial and temporal-scales (Bodner et al., 
2013b; Horel et al., 2015). For example, land-use changes such as deforestation or 
conversion from pasture to cropped land results in long-term adaptation of soil structure at 
deeper layers of the soil (Bodner et al., 2008; Wahren et al., 2009). Crop management 
measures such as crop rotation and cover crops exert influence on shallow to intermediate 
soil depths over monthly and seasonal time-scales depending on plant rooting depths and 
patterns (Strudley et al., 2008). Soil management practices such as tillage have an 
instantaneous and dramatic effect on the soil structure depending on the intensity of tillage as 
well as the plowing depth. This soil structural dynamics is visible for months after tillage and 
is controlled by environmental factors such as rainfall, wetting-drying (WD) and freeze-thaw 
(FT) cycles (Schwärzel et al., 2011; Schwen et al., 2011a). It is, however, difficult to 
distinguish between anthropogenic-induced changes on soil structure from those caused by 
changes in environmental conditions (Horel et al., 2015; Sandin et al., 2017). Moreover, 
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long-term changes in climate are also visible over longer time scales and deeper soil depths. 
Figure 1 shows a schematic picture of the effects of the time-scale and influenced soil profile 
depth as a result of anthropogenic and environmental causes.  
 
Figure 1 Time scale and influenced soil profile depth due to anthropogenic and 
environmental factors 
 
The above-mentioned exertions on the soil structure directly translate to changes in the 
geometry of the soil pore space and pore size distribution (PSD). Both long-term and short-
term changes in the soil pore space can influence the soil hydraulic properties (SHP), i.e., the 
water retention and hydraulic conductivity functions. In numerical models, the first derivative 
of the soil water retention curve yields the PSD for which a lognormal distribution is an 
acceptable approximation (Kosugi, 1994; Kutílek, 2004). SHP determine how much water 
infiltrates, evaporates or leaks in the soil and have consequences for plant development and 
soil water budget components (Pires et al., 2017; Vereecken et al., 2016; Vogel et al., 2018). 
Hence, it becomes extremely important to be able to quantify soil pore space changes and 
predict its dynamics in response to external influences.  
There exist many studies that document the effects of management practices on soil pore 
space (see, for example, reviews by Chandrasekhar et al. (2018) and Strudley et al. (2008)). 
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Generally, studies show that the porosity increases immediately after tillage resulting in the 
creation of large pores. With time, the porosity and pore sizes decrease due to soil 
consolidation caused by environmental factors such as precipitation (Cameira, 2003; Dörner 
et al., 2012). Further, the disruptive properties of raindrop impact results in sealing and 
crusting of the soil surface which reduces the infiltration capacity of soils (Strudley et al., 
2008). On the other hand, studies have also shown increases in near-saturated hydraulic 
conductivity and macro-porosity with time presumably due to root growth and other 
biological activity (Schwen et al., 2011b). Such complex interactions of environmental and 
management induced changes in soil structure have made prediction of resulting soil water 
retention and conductivity very difficult. Consequently, the temporal dynamics of soil 
structure are hardly addressed in current hydrological modeling studies. In fact, an invariant 
pore system is assumed when modeling the transport of water and nutrients in the 
atmosphere-plant-soil system. This leads to incorrect predictions of water and solute fluxes 
which results in invalid statements and misrepresentations of the outcomes of simulation 
studies. The few studies that have addressed soil structural dynamics in mechanistic 
hydrological models have demonstrated better and more reliable modeling outcomes for soil 
water simulations (Alletto et al., 2015; Feki et al., 2018; Schwen et al., 2011b; Xu and 
Mermoud, 2003).  
Recently, Vogel et al. (2018) emphasized the relevance of considering the temporal dynamics 
of management induced changes in soil structure. The authors identified a number of relevant 
process interactions that need to be coupled in order to evaluate the impact of such 
management practices on water fluxes. One of the main recommendations of their research 
highlights the need for data over longer time-scales for the validation of modeling approaches 
to understand the behavior of the soil system. However, the existence of such data are rare 
and hampers the assessment of models and their validation as well as adoption to dynamic 
boundary conditions. Recent studies such as Castellini et al. (2019) and Kreiselmeier et al. 
(2019) have made efforts in this direction by studying changes in soil physical status under 
long-term experiments for different crop management practices. The studies further 
illustrated the need for observing temporal dynamics in soil structure either through 
experimental quantification (Kreiselmeier et al., 2019) or by identifying indicators like 
relative field capacity that highlight changes in soil status (Castellini et al., 2019) 
In recent times, there have been some efforts in the direction of evaluating and modeling the 
temporal evolution of soil PSD. However, contemporary approaches for simulating temporal 
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changes of soil structure are relatively rare and at an early stage of development (Vereecken 
et al., 2016). For example, Or et al. (2000) proposed to use the Fokker-Planck Equation 
(FPE) to capture the changes in soil pore space after tillage with respect to time and pore 
radius. This model uses physically based coefficients to describe the processes that take place 
following a tillage operation. The stochastic model of Or et al. (2000) has been applied to 
only a handful of cases but the approach looks promising in terms of predicting the evolution 
of soil PSD due to tillage and root growth as well as to obtain the water retention and 
hydraulic conductivity functions (Bodner et al., 2014; Leij et al., 2002a; Pelak and Porporato, 
2019). However, this model has not been applied and validated for agricultural soils under 
different management practices, climate regimes and textural compositions. Hence, an 
evaluation of the model for different site-specific conditions may provide better insight into 
capturing the temporal dynamics of SHP which can then be incorporated in hydrological 
models to improve its reliability and accuracy. 
 
1.2 Research questions 
Based on the knowledge gaps highlighted above, this thesis aims to quantify the temporal 
changes in soil structure following agricultural management practices and contribute to the 
development of tools to model these changes. These tools may later be incorporated in land-
use or hydrological simulation models. The following research questions were addressed: 
1. What are the effects of external perturbations such as anthropogenic and 
environmental factors on soil structure and hydraulic properties in agricultural soils? 
Are there any trends that can be generalized? 
2. What are the effects of soil structural dynamics on water budget components? Is it 
relevant include this dynamics in hydrological models? 
3. How is the numerical performance of current modeling approaches in capturing the 
dynamics of soil structure and pore space? Are there sufficient datasets for evaluating 
the model performance? 
4. What would be the effect of soil structural dynamics on water retention and hydraulic 
conductivity functions derived using numerical methods?  
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1.3 Objectives 
From the above assertions, it is evident that there is a lack of studies that investigate the 
changes in soil structure and SHP through time after tillage. Furthermore, there is ambiguity 
in the expected direction of soil pore space evolution following tillage which makes it 
difficult to capture and quantify these changes. Finally, initial ventures of mathematical 
models that attempt to capture the evolution of soil PSD have not been fully explored and 
validated. The subsequent determination of temporal dynamics of water retention and 
hydraulic conductivity functions have also not been examined. Based on these premises, the 
following are the key objectives of this study 
I. Investigate the quantitative effects of agricultural practices on soil structure and 
hydraulic properties and the subsequent response of the water balance components; 
II. Evaluate a pore space evolution model for its capability in predicting the evolution of 
soil pore size distribution for the following two cases: 
a) when there is a change in the tillage regime and/or land-use change 
b) in the months following tillage; 
III. Derive corresponding soil water retention and hydraulic conductivity functions to 
incorporate them in hydrological models. 
1.4 Research flow and chapter descriptions 
In order to achieve the overall aim of this study, the thesis is arranged as follows: 
Chapter 1 has given an overall introduction to the study and has highlighted the general 
research gaps and specific objectives investigated in this thesis.  
Chapter 2 reviews existing literature to analyze the effects of anthropogenic and 
environmental perturbations on soil structure and hydraulic properties. The response of the 
components of the hydrologic cycle to these stresses are also studied. By doing so, it 
addresses the first objective. Some of the results of this study have been published in 
“Chandrasekhar, P., Kreiselmeier, J., Schwen, A., Weninger, T., Julich, S., Feger, K.-H., 
Schwärzel, K., 2018. Why We Should Include Soil Structural Dynamics of Agricultural Soils 
in Hydrological Models. Water 10, 1862 doi: 10.3390/w10121862”. 
Chapter 3 deals with the materials and methods used for this study. A detailed description of 
the mathematical model used and its physically-based coefficients are provided. Further, 
steps for the derivation of water retention curve as well as saturated and unsaturated hydraulic 
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conductivity are described. Finally, the description of data sets that are used to evaluate the 
model are elucidated. The sources of the data sets and the experimental set up that was 
established are included. 
Chapter 4 evaluates the mathematical model described in the previous chapter. It illustrates 
the results and important findings from our numerical simulations and interprets the model 
outcomes. Some of the results of this section have been published in “Chandrasekhar, P., 
Kreiselmeier, J., Schwen, A., Weninger, T., Julich, S., Feger, K.-H., Schwärzel, K., 2019. 
Modeling the evolution of soil structural pore space in agricultural soils following tillage. 
Geoderma 353: 401-414 doi: 10.1016/j.geoderma.2019.07.017”. 
Chapter 5 discusses the observations and results from this study. The competence of the 
model in describing the dynamics of soil PSD and the subsequent determination of the water 
retention and hydraulic conductivity functions are discussed in detail. 
Chapter 6 presents the summary as well as implications and outlook of the study. 
An appendix provides Python codes for the analytical solution for evolution of PSD, the 
coefficients and the derivation of soil hydraulic properties from PSD. The codes have been 
published in “Chandrasekhar, P., Kreiselmeier, J., Schwen, A., Weninger, T., Julich, S., 
Feger, K.-H., Schwärzel, K., 2019. SPorDyn: A Python code for modeling the evolution of 
soil pore size distribution after tillage, MethodsX 6: 2118 – 2126 doi: 
10.1016/j.mex.2019.09.014” 
For better perception and comprehension of the layout of thesis, the overall research flow and 
thesis structure is illustrated in Figure 2. 
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2. State of the art 
2.1 Soil structure and hydraulic properties 
Soil structure refers to the complex arrangement of soil particles, aggregates and combination 
of different types of pores (Rabot et al., 2018). The arrangement of primary particles in the 
soil leads to the formation of textural or intra-aggregate pores which are generally not 
expected to show dynamics with time. On the other hand, structural or inter-aggregate pores 
which drain at pressure heads (h) between 0 and 330 cm, are influenced by land management 
measures, climate and biological activity (Or et al., 2000). Depending on their pore radius (r), 
soil pores exhibit distinct functions in the soil. Table 1 gives the classification of  the 
different pore classes according to Greenland (1981): 
Table 1 Classification of pore size classes according to Greenland (1981) 
Pore radius (r) (µm) Classification 
> 250 fissures 
25 < r < 250 transmission pores 
0.25 < r < 25 storage pores 
0.0025 < r < 0.25 residual pores 
 
Soil structure plays an important role in crop growth and development and determines, to a 
large extent, water infiltration, redistribution and storage in the soil profile (Sandin et al., 
2017). The storage and transport of water in the soil is defined by soil hydraulic properties 
(SHP) i.e., the hydraulic conductivity function (K(h)) and the soil water retention function 
(θ(h)). K(h) governs the transmission of water and nutrients in the soil, whereas θ(h) reflects 
the ability of the soil to store and retain water. θ(h) relates the soil water content (θ) and soil 
pressure head (h) and characterizes the ability of the soil to hold water. Mathematically, the 
first derivative of the soil water retention curve yields the PSD for which a lognormal 
distribution is an acceptable approximation (Kosugi, 1994; Kutílek, 2004). The parameters 
that define SHP can be obtained from direct field and laboratory measurements of θ(h) and 
K(h) or through indirect methods. 
Direct measurements of SHP enable us to capture site-specific information of soil structure 
with high accuracy. Field methods for obtaining saturated hydraulic conductivity (Ks) involve 
single or double ring infiltrometers or hood infiltrometer (Schwaerzel and Punzel, 2007). 
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Unsaturated hydraulic conductivity (Ku) is measured in the field using tension infiltrometers 
(Schwärzel et al., 2011; Schwen et al., 2011b) and in the laboratory using evaporation 
method (Bormann and Klaassen, 2008). As for water retention, it is measured in the 
laboratory using undisturbed soil samples from pressure heads close to saturation till h = -
1000 cm. After that, usually, the next measurement point is at h = -15,200 cm (wilting point) 
using disturbed samples. In between these two points, retention data are interpolated and the 
goodness of parameterization is a function of the number of available measurement points 
and the required fitting of points coming from different techniques of measurements. For 
representative predictions of SHP from saturated to dry range, it is recommended to use a 
combination of field and laboratory measurements (e.g., hood infiltrometer in combination 
with the evaporation method) for parameterization of SHP (Weninger et al., 2018). In recent 
years, visual soil evaluation methods such as non-invasive X-ray tomography are becoming 
increasingly accessible for non-destructive quantification of soil structure and hydraulic 
properties (Sandin et al., 2017; Schlüter et al., in press; Smet et al., 2018).  
Though direct methods for measuring SHP are site-specific and representative of the field 
conditions, they are generally expensive, time-consuming and laborious. In this regard, 
indirect methods estimate SHP from readily and easily available data that are more 
convenient and less expensive. For instance, pedotransfer functions (PTF) are empirical 
relationships between models of soil parameters and easily available (simple to measure) 
proxy variables on soil properties (Van Looy et al., 2017). Though they have become an 
indispensable tool for modeling soil processes, the ability of PTF to capture spatio-temporal 
dynamics of soil properties have been under debate (Pachepsky et al., 2015; Schwärzel et al., 
2011). The estimated parameters, either through direct or indirect methods, are then used as 
inputs which define SHP in numerical modeling techniques. Mathematical functions for θ(h) 
and K(h) have been subject to extensive research and have resulted in a large number of 
combined water-retention-hydraulic-conductivity models which have a range of applications 
in hydrological modeling studies (Kosugi, 1996; Mualem, 1976; Van Genuchten, 1980).  
 
2.2 Soil structural dynamics due to external perturbations 
Surface soil structure is very responsive to anthropogenic and environmental influences such 
as tillage and rainfall. In addition, management measures such as cover crops and crop 
rotation as well as change in land-use such as deforestation also result in alteration of soil 
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structure. For agricultural soils, tillage is the most widely used management practice that has 
the greatest effect on soil structure. Based on the depth and intensity of soil disturbance, 
tillage systems can be classified into: 
Conventional tillage (CT): represents the most intensive tillage treatment and includes 
manual or mechanized plowing using chisels, moldboards, and disk cultivators to a depth of 
about 30 cm (Strudley et al., 2008). 
Reduced tillage (RT): at least 30% of the crop residues are left in the field and it involves 
treatments such as mulch, ridge and contour tillage (Busari et al., 2015; Horel et al., 2015). 
No tillage (NT): involves little or no soil disturbance and physical impact is usually limited to 
seedbed preparation. 
RT and NT are broadly called conservation agriculture practices. They include cover crops 
and crop rotation practices (Derpsch et al., 2014). Such measures are undertaken to maintain 
or enhance soil fertility and improve soil quality. They improve environmental benefits (i.e., 
in soil and water conservation) and provide ecosystem services that address food security and 
overall agricultural sustainability (Blanco-Canqui et al., 2017). The effects of management 
practices and environmental factors on soil structure and hydraulic properties have been 
quantified by several studies, a selection of which is listed in Table 2. Major results of those 
studies are discussed in this chapter.  
Kargas et al. (2016) found that the values of θ(h) and Ks decreased in the months following 
rototillage in comparison to NT in a fallow site in Attica, Greece. This reduction was 
attributed to destruction in pore sequences and their continuity due to the pulverizing action 
of rototillage. Furthermore, raindrop impact rapidly disintegrated soil aggregates into 
individual soil particles and decreased the pore size as well as Ks values for both the 
treatments. Weeks later in spring, the authors observed that Ks values recovered to almost 
initial values in spring and summer which may be advocated to the intensity and frequency of 
WD cycles (Bodner et al., 2013b). The instability of large pores created by tillage and their 
subjection to compaction has also been observed by Keller et al. (2017) in a study site near 
Zurich, Switzerland. Bodner et al. (2013b) and Peña-Sancho et al. (2017) also arrived at 
similar in their studies on the effects of different types of tillage on SHP in study sites in 
Austria and Spain, respectively. 
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In a study to compare the temporal variability of SHP under CT, RT and NT, Schwen et al. 
(2011b) performed infiltration measurements for two years in a wheat field using a disc 
infiltrometer. Both Ks and saturated water content (θs) strongly decreased after tillage in both 
CT and RT due to raindrop-induced pore sealing and settling. Furthermore, the near-saturated 
hydraulic conductivity varied in the order of CT > RT > NT and a lower volume of 
hydraulically active pores were observed in winter due to FT cycles and raindrop impact. FT 
cycles lead to expansion of water volumes as it freezes in the soil and exerts considerable 
pressure on the soil pore walls leading to reduced Ks and infiltration rates. Meurer et al. 
(2018) reviewed the effects of CT, intermediate tillage (chisel, disk, harrow, mulch plough) 
and NT on soil organic C. The authors found significant differences in bulk density (ρb) 
between the three tillage treatments. A higher organic C content in the top 30 cm of the soil 
in intermediate tillage and NT was observed when compared to CT which has implications 
for soil macropore characteristics water transmission and K(h).  
The results of similar studies on tillage effects on SHP in space and time that took place 
before 2008 were reviewed by Strudley et al. (2008). The study found that the most 
significant effects on SHP were observed immediately after tillage following which the 
effects diminish with time. However, it was seen that the effects of tillage (e.g., comparison 
of CT vs. NT) did not produce consistent results which was attributed to factors such as soil 
type, climate, location as well as the challenge to separate the effects of temporal and spatial 
variations. The type of land-cover such as crop rotation and cover crops as well as plant 
rooting density and depth also play a major role in the dynamics of soil structure in 
agricultural soils. Results are discussed below.  
The effects of cover crops on SHP were studied by Blanco-Canqui et al. (2015). Cover crops 
promoted Ks by increasing macroporosity and pore connectivity leading to increased water 
infiltration and storage in the soil. Cover crops also improved aggregate stability by means of 
roots generating organic binding agents. Ball et al. (2005) reviewed the role of crop rotation 
on soil structure and concluded that crop rotation led to the development of macropores due 
to root growth and faunal activity which influenced water and nutrient availability in the soil. 
The study by Bhattacharyya et al. (2006) showed that a crop-rotation of soybean–pea in 
combination with NT resulted in higher unsaturated hydraulic conductivity values at suctions 
of -20 cm and -40 cm. A 3.5% decrease in ρb was observed for cover crop plots when 
compared to no-cover plots by Haruna and Nkongolo (2015). Furthermore, it is also seen that 
management decisions such as the number of crops and crop type in a rotation also have 
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significant effects on soil organic matter and biota. For instance, McDaniel et al. (2014) 
found that increasing the number of crops from two to three increases the total C by almost 
3.6%. Similarly, an increase of 33% in organic C was observed by Tiemann et al. (2015) 
when the number of crops were increased from one (monoculture) to five.  
The effects of a change in tillage regime such as from CT to NT or a change in land use such 
as from CT to grassland on SHP has also been studied. Schwärzel et al. (2011) observed 
reduction in mean pore sizes, loss of large pores and an increase in the spread of the pores of 
a PSD when characterizing changes in SHP in a crop-pasture rotation cycle in Canterbury, 
New Zealand. This indicates that macropore-rich structure created by tillage is rather unstable 
and subject to rapid collapse (Xie et al., 2015). Hu et al. (2009) investigated the contribution 
of different pore classes to flow under four different land-uses. They found that K(h) showed 
a significant change only at h = -15 cm for all four land-uses. Furthermore, a study by Yu et 
al. (2015) investigated the effects of cropland and grassland on soil structure in the 
Zhongghou catchment in the Loess Plateau region of China. The authors observed that 
conversion from CT to grassland or forest tended to promote infiltration capacity and Ks due 
to creation of meso- and macropores that also increases the soil’s water retention capacity. 
 
2.3 Shortcomings in the observations of soil structure dynamics 
The studies discussed above conclude that SHP are subject to temporal variations post-tillage 
through a season or after a shift in the tillage regime. However, generalizing the alterations in 
SHP in response to management practices is challenging because the studies are inconsistent 
in their outcomes and they vary across experimental designs, locations and soil types 
(Strudley et al., 2008) (see Table 2). For instance, Blanco-Canqui et al. (2017) did not 
observe any significant impact on Ks and θ after long-term CT while Schwen et al. (2011a) 
observed a strong decrease in Ks and θ under CT. These contradictory findings may be 
explained by differences in land-cover (continuous corn vs. winter-wheat), use of different 
equipment for CT (chisel plow, tandem disk vs. moldboard plow) and soil composition. 
In some cases, NT and RT exhibited an increase in near-zero infiltration rates and hydraulic 
conductivity which is associated with macropore connectivity while in others water 
infiltration rates may be greater for soils under CT (Blanco-Canqui et al., 2017). Most studies 
have also reported an increase in ρb under NT due to soil densification in the absence of soil 
turnover by tillage operations (Blanco-Canqui and Ruis, 2018; McVay et al., 2006). The 
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contradictory results may be attributed to temporal variability of soil infiltration rates. Water 
infiltration is higher immediately following tillage because tillage creates a macropore rich 
structure after which there is generally a collapse of large pores. This is associated with a 
decrease in infiltration in the weeks following the event.  
Different stages of root growth also affect the outcome of SHP measurements. Murphy et al. 
(1993) found a decrease in Ks in wheat from sowing to tillering phases of plant growth. 
However, almost 17% of the roots produced from emergence decayed when the plants 
reached the phase of stem elongation while 37% of the roots decayed by the ripening stage 
which led to an increase in Ks. Bodner et al. (2014) studied the root effects on macroscopic 
pore parameters and found that rooting densities > 0.5% of pore space stabilized soil structure 
against pore loss. The authors also observed that coarse root systems increased macroporosity 
by 30%. Ajayi et al. (2019) observed strong contribution of root development to improved 
pore networks and pore continuity for conversion of CT to grassland over a 19-year period. 
Ultimately, there is strong evidence that the soil structure and hydraulic properties are 
influenced strongly by the type of plant, its rooting depth and pattern as well as the stage of 
plant growth.  
In the studies that were reviewed in this chapter, some authors used laboratory methods for 
the characterization of K(h) (e.g., multi-step outflow method) while others used field methods 
(e.g., tension infiltrometer). Different measurement techniques for characterizing SHP may 
lead to capturing dynamics in SHP that actually depend on the technique used rather than on 
the intrinsic nature of soils (Basile et al., 2003). Field techniques are often inconclusive 
owing to the variability of soil structure, especially in the upper layers of the soil. Moreover, 
some field methods (such as disc or hood infiltrometer) are able to account for the 
contribution of macropores to the infiltration rate and soil hydraulic conductivity at saturation 
(Schwaerzel and Punzel, 2007) whereas other methods (such as double ring infiltrometer) 
cannot differentiate the contribution of macro-, meso- and micropores to the water flow. The 
described inconsistencies hamper the generalization of results on the impacts of AMP on 
SHP. Often, experimental protocols (e.g., experimental designs, measurement times, sample 
sizes, etc.) are not rigorous enough to reveal the differences between different agricultural 
management practices (Derpsch et al., 2014). Particularly at high and low values of h, there is 
a lack of reliable data owing to the difficulty in measurement in these ranges. 
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Strudley et al. (2008) highlighted that many studies usually investigate contrasted 
“snapshots” of different treatments; i.e., an instantaneous capture of soil conditions 
immediately after AMPs without considering the evolution of the soil pore space at later 
stages. Therefore, data sets that essentially capture the temporal dynamics of water retention 
and hydraulic conductivity functions are limited. Furthermore, most studies dealing with the 
impact of management practices focus only on the uppermost layers of the soil profile (Leij et 
al., 2002a, 2002b; Or et al., 2000). This may be appropriate for soil dynamics on a rather 
short temporal scale such as changes induced by weather or tillage operations. However, mid- 
and long-term changes of management practices and long-term climate change effects have a 
significant influence in deeper soil layers (Peth et al., 2010; Schwärzel et al., 2002; Wahren 
et al., 2009). Standardizing research protocols when designing experiments including weed 
cover, soil moisture at seeding, equipment details and crop-rotation sequences among other 
factors may be useful to capture trends in the evolution of soil structure (Derpsch et al., 
2014).  
 
2.4 Response of hydrological components to soil structural dynamics 
The alterations in SHP have distinct effects on evapotranspiration, groundwater recharge, 
water storage capacity, surface runoff and groundwater flow in a watershed (Dias et al., 
2015). Simulations that consider time variant SHP in hydrological modeling studies are 
challenging and require an adequate set of soil hydraulic parameters. Though limited in 
number, the studies that have considered these variations show promising results to improve 
the accuracy of our numerical simulations for soil water balance.  
A simulation model with time-dependent hydraulic conductivity parameters to predict the 
effect of CT, RT and subsoiling tillage on the components of the soil water balance during 
the summer maize growing season was used by Xu and Mermoud (2003). The authors 
observed that using temporally variant hydraulic conductivity values improved the model’s 
predictive capability in estimating percolation (losses of > 6% in wet years by subsoiling), 
water storage (13–14% lesser storage under subsoiling), transpiration and evaporation (lower 
actual evaporation in subsoiled plots). In another study by Schwen et al. (2011a), the impacts 
of CT, RT and NT on SHP (derived from inverse simulation of frequent tension infiltrometer 
measurements) for two seasons was studied and implemented in water balance simulations. 
The application of time-variable SHP significantly improved the agreement of near-surface θ 
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and water storage in the profile to a depth of 30 cm for all tillage treatments in both seasons. 
The root mean square error (RMSE) values for storage were reduced by 93% while the 
average relative error was halved for both θ and water storage.  
Similarly, Alletto et al. (2015) quantified the temporal dynamics of SHP in a conventional 
maize monoculture and included the results of the modified SHP due to CT in modeling the 
water dynamics of the area. The efficiency of the whole simulation period increased by 40% 
when using time-varying θ(h) and the results had a low RMSE value when compared to the 
simulation with constant soil parameters. An effort to include the modified SHP for rainfall-
runoff simulations was undertaken by Wahren et al. (2009). The authors studied the effects of 
afforestation on runoff and soil water storage in foothill catchments in NE Germany for 
arable land, 6- and 50-year old afforestation sites and ancient natural forest. It was seen that 
changes in SHP were already detectable in the 6-year afforestation site. Two cases were 
compared in the rainfall-runoff simulations: one with constant SHP and the other with altered 
SHP after land-use change. It was seen that inclusion of altered SHP in modeling led to an 
increase in the simulated soil water storage by > 50% and resulted in a more realistic 
description of the land-use effects on the soil water balance. The authors recommend 
considering changes in both vegetation and soil properties in rainfall-runoff models. Finally, 
Bormann et al. (2007) did a comparison of three hydrological models (SWAT, TOPLATS, 
WASIM) to assess the importance of considering changes in soil properties as part of land-
use scenario calculation. PTF were used to obtain the parameters of the hydrological model. 
The water balance was simulated based on land-use scenarios using both changed and 
unchanged SHP. All three models were considerably sensitive to the changes in soil 
properties. It was also observed that if the effects of land-use and of an additional change in 
SHP are set into relation, both the changes demonstrate effects in the same order of 
magnitude. 
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Table 2 Water retention parameters used for modeling for evolution of soil pore size distribution 
ρb: bulk density; θ(h): water retention function; Ks: saturated hydraulic conductivity; Ku: unsaturated hydraulic conductivity; IC: infiltration capacity; NT: no-
tillage; RT: reduced tillage; CT: conventional tillage; FT: freezing-thawing; WD: wetting-drying; PSD: pore size distribution; PAWC: plant available water 
capacity 
Study Study 
period 
Location Soil type 
(FAO-WRB 
and US 
classifucation)  
Properties 
measured 
Land use/ cover Effects on SHP 
Bormann and 
Klaassen. 
(2008) 
 
2006 
Oldenburg, 
Germany 
Podzol and 
Stagnozol 
ρb, Ks, Ku, 
IC, θ(h) 
Forest, grassland and 
cropland with CT 
Low ρb immediately after CT followed by gradual 
increase through a season as well as low Ks, Ku. Both 
forest and grassland show the opposite trend. IC, Ku 
and Ks was highest in forest. 
Kodesová et 
al. (2011) 
2008 Prague, Czech 
Republic 
Haplic 
Luvisol 
ρb, Ks, Ku, 
θ(h) 
CT (after harvest of 
winter barley) and 
grassland 
Lower θ(h), Ku under CT compared to grassland. 
Higher Ks values in CT indicating greater fraction of 
larger pores and pore connectivity. 
Schwärzel et 
al. (2011) 
2008 – 
2009 
Canterbury, 
New Zealand  
Haplic 
Cambisol 
Ks, Ku, θ(h) CT and pasture Ks and Ku values under CT were 4 times higher than 
under pasture and flow active macro-pores were 80% 
larger. Pasture showed a more balanced PSD. 
Schwen et al. 
(2011b) 
2008 – 
2010 
Raasdorf, Lower 
Austria 
Typic 
Vermudoll 
 
Ks, Ku, θ(h) CT, RT, NT under 
winter wheat 
Ks, Ku increased in the order CT < RT < NT. Higher 
connectivity and smaller tortuosity of macropores 
under NT.  
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Sacco et al. 
(2012) 
2005 Piedmont, NW 
Italy 
Typic 
Endoaquept 
 
ρb, Ks, Ku CT under rice and 
maize with different 
water management 
systems 
Progressive soil compaction and increase in ρb, 
destruction of macro- and mesopores due to 
submerging water and rainfall.  
Hu et al. 
(2012) 
2007 – 
2009 
Liudaogou 
watershed, 
China 
Calcaric 
Arenosol and 
Calcaric 
Regosol 
ρb, Ks 4 different mixed shrub 
landscapes 
Over-winter increase of Ks and decrease of Ks in the 
drying season due to FT and WD cycles. Reverse trend 
was observed in ρb. 
Fouli et al. 
(2013) 
2011 Saskatchewan, 
Canada 
Haploborolls θ(h) and 
infiltration 
rate 
Prairie (grassland) Lower infiltration rates because of increased FT cycles, 
importance of antecedent soil moisture conditions for 
potential ice formation in soil pores. 
Bodner et al. 
(2013a) 
2009 – 
2012 
Raasdorf, Lower 
Austria 
Chernozem 
 
θ(h) Post-harvest agricultural 
soils under NT 
WD cycles enhanced macroporosity, decreased pore 
heterogeneity. Prediction of temporal changes in soil 
PSD from environmental variables.  
Jirků et al. 
(2013) 
2007 – 
2010 
Hněvčeves, 
Čáslav & 
Humpolec, 
Czech Republic 
Haplic 
Luvisol, 
Greyic 
Phaeozem, 
Haplic 
Cambisol 
Aggregate 
stability, ρb, 
Ks, Ku, θ(h) 
CT under winter barley 
and winter and spring 
wheat 
Variable trends in SHP for all the years depending on 
rainfall, plant growth and tillage. Different Ks results 
were observed when different measurement methods 
were used 
Alletto et al. 
(2015) 
 
 
2012 Lamothe, 
France 
Stagnic 
Luvisol 
 
ρb, Ks, Ku, 
θ(h) 
CT under maize Increase in ρb and decrease in Ks over the growing 
season of the crop from seeding to harvest. Unstable 
porosity after tillage. 
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Yu et al. 
(2015) 
- Zhonggou 
catchment, 
Loess plateau, 
China 
Calcaric 
Regosol 
 
Ks, Ku, θ(h) Forest (black locus), 
grassland and cropland 
(under CT with rape) 
Creation of temporary macro-pores after tillage after 
which there is a decrease in PAWC. Conversion from 
CT to grassland or forest increases IC and Ks.  
Forest demonstrated increases macro-pore connectivity 
and water storage capacity.  
Oliveira et al. 
(2016) 
2010 Ceará, Brazil Typic 
Hapludult 
 
Aggregate 
stability, 
θ(h) 
Natural vegetation 
forest converted to 
irrigated pasture for 10 
years  
Lesser total porosity and macroporosity in irrigated 
pasture compared to natural vegetation. Reduction in 
θ(h) under pasture.   
Kargas et al. 
(2016) 
2010 – 
2013 
Attica, Greece Typic 
Xerofluvent 
 
Ks, θ(h) Rototillage and NT with 
bare soil and NT with 
weed cover 
Rototillage caused a decrease in the number of meso-
pores and an increase in the micro-pores. Smaller Ks 
values for all three management practices after rain 
events and an increase in Ks during dry periods.  
Dörner et al. 
(2016) 
2013 Southern Chile Histi-
Silandic 
Andosol 
 
θ(h) Land-use change from 
native forest to 
naturalized grassland 
Soils under grassland showed smaller watre storage 
capacity, air capacity and permeability compared to 
forest. Land-use changes affected spatial and temporal 
variability of soil physical functions. 
Peña-Sancho 
et al.  
(2017) 
2011 – 
2012 
Zaragoza, Spain Hypercalcic 
Calcisol 
 
ρb, θ(h) CT, RT and NT on 
fallow land 
Tillage operations caused a decrease in ρb. Rainfall was 
a major factor that affected the θ(h) curve due to 
disintegration and deformation of soil aggregates. 
Pires et al. 
(2017) 
2010 – 
2013 
Ponta Grossa, 
Brazil 
Typic 
Haplorthox 
 
θ(h) CT and NT with crop 
rotation 
Better pore connectivity in NT. Larger values of air 
filled porosity for NT in relation to CT. Tri-modal and 
Bi-modal PSDs for CT and NT respectively. 
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Vaezi et al. 
(2017) 
- NW Iran Calciexerepts 
 
ρb, θ(h), 
infiltration 
rate 
Raindrop impact on CT 
soils 
 
Strong increase in aggregate breakdown, ρb and 
compaction with high tendency to form crusts due to 
raindrop impact. Decrease in infiltration rate and 
enhanced runoff 
Blanco-
Canqui et al. 
(2017) 
2015 
 
Nebraska, USA Typic 
Argiudolls 
 
Ks, θ(h), 
total 
porosity, 
infiltration 
Chisel plow, disk, 
moldboard plow and NT 
Ponded infiltration was higher under moldboard plow 
tillage plow than for NT, disk Long-term till had no 
significant impact on soil porosity, Ks, θ(h) and 
PAWC.  
Kuhwald et 
al. (2017) 
2014 - 
2015 
Lower Saxony, 
Northern 
Germany 
Luvisol Ks, θ(h), ρb, 
K(h) 
Moldboard plow (CT), 
chisel plow (RT1) and 
disc harrow (RT2) 
under winter wheat 
Higher Ks and K(h) in RT1 and RT2. Higher θ(h) in CT 
immediately after tillage both in untrafficked areas and 
tramlines.  
De Almeida et 
al. (2018) 
2013 – 
2014 
Aquidauana, 
Brazil 
Ultisol ρb, 
porosity, 
aggregate 
stability, 
penetration 
resistance 
CT with bare soil and 
soybean, NT with 
soybean and pasture 
Highest macroporosity in pasture. Higher aggregate 
stability in pasture and NT due to organic matter. High 
ρb and penetration resistance in NT. In the initial 
stages, soil tillage influenced infiltration the most while 
in the final stages, vegetation cover predominantly 
influenced infiltraition.  
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2.5 Synopsis: soil structural dynamics in agricultural soils 
From the literature review, it is observed that soils generally show an abundance of large 
pores immediately after tillage. However, these pores are unstable and the soil PSD changes 
with time due to biological activity, rainfall, WD and FT cycles as well as shrink–swell 
phenomena (Alletto et al., 2015; Bormann and Klaassen, 2008). Raindrop impact on 
agricultural soils generally leads to aggregate breakdown, compaction, soil crusting and 
reduced infiltration capacity (Vaezi et al., 2017). Ks decreases in periods of rainfall due to 
sealing of pores and settlement and increases in spring due to biological activity and WD 
cycles. The presence of cover crops and crop rotation cycles lead to development of 
macropores, pore connectivity and enhances soil water infiltration and storage.  
However, the results of existing studies cannot be generalized owing to discrepancies in their 
outcomes of soil structure dynamics. These discrepancies are visible in the different 
directions of dynamics of factors such as infiltration rates, hydraulic conductivities and water 
contents for soils under same agricultural management practice. Such discrepancies arise due 
to use of different measurement methods to parameterize SHP, varying times of plant growth 
stages at which measurement campaigns are undertaken and using a ‘snapshot’ approach 
rather than a dynamic means of capturing the evolution of SHP. Therefore, it is crucial that 
methods used to measure soil structural dynamics become standardized.  
Finally, studies have shown that incorporating the temporal dynamics of SHP in hydrological 
models produce more reliable and accurate modeling outcomes in comparison to studies with 
constant SHP as model input. However, despite evidence that soil structure is subject to 
temporal variations and inclusion of these dynamics lead to better modeling results, SHP are 
set constant over time in most simulation studies. Most hydrological models that predict 
water fluxes under changing environmental conditions do not consider that alterations in 
land-use will also induce changes such as SHP. Such studies usually assume only a change in 
the vegetation cover and overlook the dynamics of the soil structure in the process.  
In conclusion, the above review has highlighted the effects of agricultural practices on soil 
structure and hydraulic properties and the subsequent response of the water balance 
components. It has demonstrated that external perturbations cause significant dynamics in 
soil structure and that the inclusion of time-variant SHP in hydrological modeling leads to 
more reliable modeling outcomes.  
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3. Materials and methods 
3.1 Evolution of soil pore size distribution 
The evolution of soil PSD can be described using the following partial differential equation 
(1) also known as the Fokker-Planck equation (FPE) (Or et al., 2000): 
𝜕𝑓
𝜕𝑡
=
𝜕
𝜕𝑟
(𝐷(𝑟, 𝑡)
𝜕𝑓
𝜕𝑟
) −  
𝜕
𝜕𝑟
(𝑉(𝑟, 𝑡)𝑓) − 𝑀(𝑡)𝑓                                                                           (1) 
where f is the PSD or frequency [L-1] of pores as a function of time t [T] and pore radius r 
[L]. D is the dispersion coefficient [L2 T-1] which quantifies the changes in variance of the 
PSD with time. V is the drift coefficient [LT-1] that captures the change in mean pore radius 
of the PSD with time. M is a first order degradation factor [T-1] that represents instantaneous 
pore loss. i.e., the fraction of pores that are lost due to instantaneous collapse.  
The mathematical conditions for solving Eq. (1) are:  
𝑓(𝑟, 0) = 𝑓0(𝑟),    0 < 𝑟 < ∞                                                                                                              (2) 
𝑉𝑓 − 𝐷
𝜕𝑓
𝜕𝑟
= 0,    𝑟 = 0, 𝑡 > 0                                                                                                            (3) 
𝜕𝑓
𝜕𝑟
= 0,    𝑟 → ∞, 𝑡 > 0                                                                                                                         (4) 
In Eq. (2), f0 is the initial PSD determined immediately after tillage for the parameterization 
of which the lognormal distribution function of Kosugi (1994) is used: 
𝑓0(𝑟) =  
𝜙0
𝑟𝜎√2𝜋
exp (−
[ln (
𝑟
𝑟𝑚
)]
2
2𝜎2
)                                                                                              (5) 
𝑤ℎ𝑒𝑟𝑒 ∫ 𝑓0(𝑟)𝑑𝑟
∞
0
=  𝜙0, 0 < 𝑟 <  ∞   
where ϕ0 [-] is the total initial porosity, rm [L] is the initial median pore radius or geometric 
mean, and σ [-] is the standard deviation of the log-transformed pore radius. Leij et al. 
(2002a) assumed ϕ0 to be the difference between saturated and residual water contents: ϕ0 = 
θs – θr. The lower boundary condition (Eq. 3) requires a zero-probability flux meaning that 
only positive pore sizes are allowed while the upper boundary condition (Eq. 4) necessitates a 
zero gradient for infinitely large pore radii. Water retention data parameterized to the 
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lognormal distribution function of Kosugi (1994) are the main input data for the model. Here, 
the water retention data is of interest because they can be converted into PSD, i.e., the pore 
radius r can be associated with the pressure head h at a given saturation by the Young-
Laplace equation. The coefficients of the FPE are described in the following section. 
3.1.1 Coefficients of the Fokker-Planck Equation 
The coefficients of the FPE from Eq. 1 can be estimated based on independent measurements 
or from modeling approaches. Moment analysis is quite useful in yielding the definitions for 
mean and variance. Moments are defined by integrating the PSD with respect to the pore size: 
𝑚𝑛(𝑇) = ∫ 𝑟
𝑛 𝑓(𝑟, 𝑇)𝑑𝑟, 𝑛 = 0,1,2                                                                                               (6)
∞
0
 
Normalized moments (Mn) are calculated through division by the zero order moment (m0). 
The first-order normalized moment M1 characterizes the mean pore radius 〈r〉 [L] while the 
second-order centralized moment µ2 characterizes the variance (Aitchison and Brown, 1963): 
𝑀1 = < 𝑟 > =  𝑟𝑚 exp (
𝜎2
2
)                                                                                                              (7) 
𝜇2 = 𝑟𝑚
2 exp(𝜎2) [exp(𝜎2) − 1]                                                                                                        (8) 
The coefficients can also be estimated from independent models as outlined below. 
Drift term (V) 
The rate at which the mean pore radius 〈r〉 evolves with time for a given pore size class is 
given by the drift coefficient V. The popular expression from Thornley (1990) for V was 
used: 
𝑉(𝑡) =  
𝑑
𝑑𝑡
〈𝑟〉 = 𝑎 (1 −  
〈𝑟〉
𝑏
) 〈𝑟〉                                                                                                      (9) 
where 〈𝑟〉 =  
𝑏〈𝑟0〉
〈𝑟0〉 + (𝑏 −  〈𝑟0〉) exp(−𝑎𝑡)
                                     
Here, 〈r0〉 is the initial mean pore radius while a [T-1] and b[L] are empirical coefficients that 
characterize the temporal and absolute values of the drift term. A knowledge of the initial and 
final water retention parameters (WRP) are essential in order to estimate a and b. A large 
number of water retention data sets may be helpful in establishing a range for these 
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coefficients in order to estimate the evolution of PSD only from initial PSD values. The 
cumulative drift term T [L] is defined as 
𝑇(𝑡) = ∫ 𝑉(𝜏)𝑑𝜏  𝑜𝑟 𝑇 = 〈𝑟〉 −  〈𝑟0〉                                                                                             (10)
𝑡
0
 
Dispersion term (D) 
The rate at which the variance (the width of the lognormal distribution given by Eq. 5) 
evolves with time is given by the dispersion term D. Estimating D is impeded by our lack of 
understanding of how the variance of PSD behaves. Based on empirical studies, Or et al. 
(2000) postulated a direct relationship between mean pore size and variance of a PSD, i.e., a 
linear relationship between D and V  given by dispersivity λ [L] which is analogous to the 
dispersivity in solute transport (Eq. 11): 
𝜆 =
𝐷(𝑡)
|𝑉(𝑡)|
                                                                                                                                             (11) 
Generally, V is expected to be negative as the pore radius tends to decrease following tillage. 
Degradation term (M) 
The instantaneous loss of pores following tillage is denoted by the degradation term M. The 
studies by Leij et al. (2002a) and (2002b) ignored M. However, Schwärzel et al. (2011) found 
that neglecting the degradation of pores led to a significant overestimation of the measured 
data by the model. Therefore, the authors defined M as a decaying exponential function with 
time and limited to the macropore range: 
 𝑀(𝑡) = 𝑑 × exp(𝑐𝑡) , 𝑐 < 0                                                                                                            (12)  
Here, c [T-1] and d [T-1] are empirical coefficients which were estimated from the zero-order 
moments of the initial and final distribution. Due to the lack of sufficient information about 
macropores in many of our case studies in this article, we did not limit degradation to any 
distinct pore range following the example of Bodner et al. (2014). Further, using moment 
analysis, we evaluated m0 values to check if the probability was preserved. If the probability 
was not preserved, we included the degradation term in the analytical solution. Here again, 
initial and final WRP data sets are needed to estimate the coefficients and more datasets may 
be needed to establish a range of values for c and d. 
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3.1.2 Obtaining Kosugi water retention parameters. 
The initial PSD and the analytical solution requires the use of Kosugi WRP as input. Hence, 
in studies where Van Genuchten (1980) (referred to as VG) parameters (θs, θr, α, n) were 
reported, we converted them to Kosugi parameters using Eqs. (13), (14) and (15) (Kosugi, 
1996; Leij et al., 2002a). Here, 𝑚 =  1 −  
1
𝑛
 and α is the inverse of the air-entry pressure. The 
inflection point of the water retention curve (h0) and the head at which the effective saturation 
is 0.5 (hm) are calculated by:  
ℎ0 =  
𝑚1−𝑚
𝛼
                                                                                                                                          (13) 
𝜎2 = (1 − 𝑚) 𝑙𝑛 
21 𝑚⁄ − 1
𝑚
                                                                                                              (14) 
ℎ𝑚  = ℎ0 𝑒𝑥𝑝(𝜎
2)                                                                                                                               (15) 
Finally, rm is calculated from the Young-Laplace equation where r = A/h, where A is a 
proportionality constant obtained from the variables of the equation, A = -0.149 cm2 and h [L] 
is the pressure head. 
3.1.3 Analytical solution 
The solution of Eq. (1) subject through Eqs. (2) to (4) yields the following analytical solution 
for the PSD (Or et al., 2000; Leij et al., 2002a, b): 
𝑓(𝑟, 𝑇) = 𝑒𝑥𝑝 (∫
𝑀(𝜏)
𝑉(𝜏)
𝑑𝜏
𝑇
0
) ∫ 𝑓0(𝜉)
∞
0
×  {
1
√4𝜋𝜆𝑇
 [𝑒𝑥𝑝 (−
(𝑟 − 𝜉 + 𝑇)2
4𝜆𝑇
) + 𝑒𝑥𝑝 (−
𝑟
𝜆
−
(𝑟 + 𝜉 − 𝑇)2
4𝜆𝑇
)]
+  
1
2𝜆
𝑒𝑥𝑝 (−
𝑟
𝜆
) 𝑒𝑟𝑓𝑐 (
𝑟 + 𝜉 − 𝑇
√4𝜆𝑇
)}  𝑑𝜉                                                           (16)   
where τ and ξ are dummy integration variables. Due to the fact that tillage treatment cannot 
be readily converted to time as an independent variable, Leij et al. (2002a) proposed to use 
the cumulative drift term T (defined by Eq. 13) as an independent variable instead of time, 
meaning that the evolution of PSD is predicted based on the gradual changes in the pore radii. 
Time is, however, characterized by coefficients a (Eq. 12), c and d (Eq. (15). 
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3.2 Estimation of soil hydraulic properties from evolution of pore size distribution 
In this section, the evolution of soil hydraulic functions, i.e., the water retention and hydraulic 
conductivity functions, are estimated from the evolution of soil PSD (Eq. (16)). 
3.2.1 Water retention function 
The parameters of the soil water retention curve formed the basis for estimating the evolution 
of soil PSD. Subsequently, the water retention function can be re-estimated by integration of 
the PSD curve (Eq. 16). First the water capacity function (C(h)) is obtained:  
𝐶(ℎ) =  
𝑑𝜃
𝑑ℎ 
= 𝑓(𝑟)
𝑑𝑟
𝑑ℎ
                                                                                                                      (17) 
Integration of (17) leads us to the water retention function: 
𝜃(ℎ) =  ∫ 𝐶(ℎ)𝑑ℎ +  𝜃𝑟
ℎ
−∞
                                                                                                                 (18) 
In terms of pore radius, Eq. (18) is written as:  
𝜃(𝑟) =  ∫ 𝑓(𝑟)𝑑𝑟 +  𝜃𝑟
𝑟
0
                                                                                                                    (19) 
Equation (19) captures the evolution of the soil water retention following tillage or when 
there is a change in the land-use. 
3.2.2 Hydraulic conductivity function 
The changes in saturated hydraulic conductivity at time t 𝐾𝑠(𝑡) are estimated from the 
changes in the total porosity using the Kozeny – Carman equation: 
𝐾𝑠(𝑡)
𝐾𝑠(0)
=  (
ɸ(𝑡)
ɸ(0)
)
3
(
1 − ɸ(0)
1 −  ɸ(𝑡)
)
2
                                                                                                      (20) 
where ɸ(0) [-] is the initial porosity, ɸ(𝑡) [-] is the porosity at time t [T] and 𝐾𝑠(0) [LT
-1] is 
the initial saturated hydraulic conductivity. ɸ(𝑡) can be calculated from ɸ(0) and PSD 
evolution (Eq. (16)) as follows (Or et al., 2000). 
As a first step, the pore volume VP is calculated: 
𝑉𝑃 =  
4
3
 𝜋 ∫ 𝑟3𝑓(𝑟) 𝑑𝑟                                                                                                            (21)
𝑟 𝑚𝑎𝑥
0
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Here, 𝑓(𝑟) [T-1] is the soil PSD curve and 0 < r < rmax [L] represent pore radii. Equation 21 
can be used to calculated the initial pore volume (𝑉𝑃(0)) from 𝑓0(𝑟) and the final pore 
volume (𝑉𝑃(𝑡)) from Eq. (16). Now, the void ratios with respect to the pore volume and 
initial porosity is given by: 
ɸ(0)
1 −  ɸ(0)
=  
𝑉𝑃(0)
𝑉𝑆
                                                                                                                           (22) 
𝑉𝑆 [L3] is the volume of soil solid mass and can be estimated from the Eq. (22) as ɸ(0) and 
𝑉𝑃(0) are known.  
The final porosity ɸ(𝑡) can now be calculated: 
ɸ(𝑡) =  
𝑉𝑃(𝑡)
𝑉𝑃(𝑡) + 𝑉𝑆
                                                                                                                           (23) 
All the parameters obtained from Eqs. (21) – (23) enables the estimation of 𝐾𝑠(𝑡). This leads 
is to the next step of obtaining the relative unsaturated hydraulic conductivity (𝐾𝑟) given by 
Mualem (1976): 
𝐾𝑟 =  
𝐾(𝑡, ℎ)
𝐾𝑠(0)
=  𝑆𝑒
1
2⁄  {∫
𝑑𝑥
|ℎ(𝑥)|
𝑆𝑒
0
∫
𝑑𝑥
|ℎ(𝑥)|
1
0
⁄ }
2
                                                                      (24) 
Here, 𝑆𝑒 is the relative saturation given by: 
𝑆𝑒(ℎ) =  
𝜃(ℎ) −  𝜃𝑟
𝜃𝑠 −  𝜃𝑟
                                                                                                                           (25) 
The water retention and hydraulic conductivity functions are used for implementation of 
dynamic hydraulic functions in hydrological models. 
 
3.3 Data assimilation 
Comprehensive water retention parameter measurements for the evolution of PSD with time 
are limited. WRP for different soil and crop management practices have been sourced from 
peer-reviewed articles from around the world (Figure 3) considering the tillage regimes, land-
use, and environmental factors. Table 3 lists some of the available studies that have tried to 
capture the temporal variations of SHP due to agricultural management practices. In the 
studies under consideration, the tillage regimes are conventional tillage (CT) usually using 
moldboard plow and no tillage (NT) with no or very minimum disturbance to the soil. The 
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data was obtained either by direct correspondence with the author or from tables and/or 
figures in the publication as indicated in Table 3. The obtained data is used to illustrate and 
discuss the applicability of the model to predict the evolution of soil PSD in the stages 
following tillage as well as for a shift in tillage regimes. For the shift in tillage regimes, we 
assume that the soil structure under the tilled site (e.g., moldboard) represents an initial stage 
and the soil structure under undisturbed sites (e.g., NT, pasture) represents the final stage of 
evolution.  
 
Figure 3 World map with the dots showing the location of datasets used in the pore evolution 
model 
 
3.3.1 Description of data sets 
Austria Ⅰ 
Schwen et al. (2011a) reported the retention curves for plots under CT and NT under winter 
wheat (Triticum aestivum L.) in Raasdorf, Austria in the period 2008–2010. Repeated 
infiltration measurements using tension disc infiltrometer (h = 0, -1, -4, -10 cm) for the 
topsoil layer (0 – 30 cm) were used to inversely estimate the parameters of the VG model 
using 2D Richards’ equation. Tillage was applied in the middle of October 2008 and 2009 
and the crops were harvested in mid-July 2009 and 2010. The retention data of the upper soil 
layer for CT was used to evaluate the seasonal variation of PSD for around 6 weeks following 
CT. For the change in tillage regimes, the PSD evolution was predicted from CT to NT.  
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Austria Ⅱ 
Bodner et al. (2013) analyzed the temporal variability of field hydraulic properties under 
fallow without plant cover as well as for cover crops mustard (Sinapis alba L.) and rye 
(Secale cereal L.), near Raasdorf, Austria in the period from 2009 to 2012. In 2010, a shallow 
seed bed preparation was performed in the plots using a rotary harrow after which the soil 
was not subject to mechanical disturbance. In their study, the authors averaged the water 
retention parameter sets for each of the three cases (fallow + two cover crops) to evaluate the 
temporal variability of SHP. Infiltration measurements using tension infiltrometer (h = 0, -1, -
4, -10 cm) were used to inversely estimate the parameters of the Kosugi soil water retention 
model. Soil samples with steel cores (volume: 250 cm3) were taken before and after each 
infiltration measurement to obtain the initial and final water contents, bulk density and total 
porosity. 
 
Chile 
Martínez et al. (2008) evaluated the effects of 4- and 7-year old CT and NT treatments under 
durum spring wheat (Triticum turgidum L. var. durum) on soil physical properties in an 
experimental station of the University of Chile. Under CT, maize residues were shredded and 
buried with moldboard plow to a depth of 20 cm and later disked twice using a disk harrow 
before wheat planting. Under NT, the maize residue was shredded and left on top of the soil. 
Undisturbed soil cores (volume: 40 cm3) were used to obtain soil water retention curves using 
pressure plate extractors (h = -100, -330, -1000, -3000 and -15000 cm) and the water 
characteristic curves were constructed by fitting the data to the VG model. In this study, we 
used the water retention parameters for the surface soil for evaluating the evolution of PSD 
for change in tillage regime from CT to NT for both the 4- and 7-year cases. 
China 
Yu et al. (2015) investigated the effects of cropland and forest on soil structure in the 
Zhongghou catchment in the Loess Plateau region of China in the period 2012–2013. For 
cropland, CT was applied to a field under rape (Brassica napus L.) cultivation at the 
beginning of September 2012 to a depth of 30 cm. After afforestation, most of the forest 
consisted of planted black locust (Robinia pseudoacacia L.). Undisturbed soil cores (volume: 
785 cm3) were used to determine the water retention curves by means of evaporation method 
(h = -10, -20, -31, -63, -100, -200, -316, and pressure cell for repacked soil cores for h = -
15000 cm) and fitted to the VG model. In this study, we used the WRP of the top soil to 
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evaluate the dynamics of soil PSD due to change in land-use management for cropland and 
forest.  
Greece 
Kargas et al. (2016) investigated the temporal dynamics of rototillage (RoT) on surface soil 
at a site in Attica, Greece. Soil water retention curves were determined in the laboratory using 
a sand-kaolin box for the pressure head range h = 0 to -200 cm (h = 0, -40, -80, -120, -160, -
200 cm) on undisturbed soil samples (volume: 98 cm3). The optimized VG parameters were 
converted into Kosugi parameters for plots under annual RoT soil using Eqs. (6) to (8). 
During the study period from 2011–2014, RoT was applied three times (Oct 18, 2011, Oct 
16, 2012, and Oct 16, 2013) and samples were taken immediately after tillage as well as in 
subsequent months until the next tillage operation. We predicted the seasonal evolution of CT 
for the year 2011.  
New Zealand 
Schwärzel et al. (2011) characterized changes in soil structure and SHP due to a crop-pasture 
rotation cycle in Canterbury, New Zealand in the period 2008–2009. Tillage involved one 
pass of the plow followed by power harrows till a depth of 18 cm. No-till direct drilling of 
pasture crops was established under the pasture site. Undisturbed soil cores (volume: 420 
cm3) were used to determine water retention curves by means of dewatering using ceramic 
plates connected to a hanging water column resp. pressure cell apparatus (h = -10, -31, -100, -
316, 1000, 15800 cm) and fitted to the Kosugi lognormal distribution model. We used the 
optimized Kosugi parameters to predict the evolution of PSD from cropped to pasture site.  
 
Spain 
Peña-Sancho et al. (2017) studied the dynamics of soil WRP under CT and NT for a fallow 
period (in a cereal-fallow rotation). The study was conducted in Zaragoza, northern Spain 
from 2011–2012. Tillage took place in March 2012. The different stages of sampling were: 
pre-tillage (S1), after tillage (S2), after tillage and rain (S3), late fallow (S4) and just before 
tillage operations (S5). Soil volumetric water content was measured in the laboratory using 
Time Doman Reflectometry probes. The undisturbed soil samples (volume: 98 cm3) were 
saturated, and decreasing pressure heads were sequentially applied (h = -5, -15, -30, -100, -
500, -1000, -5000 and -15000 cm) and fitted to the VG model. We used the retention data for 
CT and NT for 0–10 cm soil depth to predict the seasonal evolution of PSD from S2 to S5 as 
well as for the change in tillage regime from CT to NT.  
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USA 
Fuentes et al. (2004) analyzed the temporal dynamics of SHP under CT and NT from 2001 to 
2002 at sites in Washington, USA. The CT during sampling was under spring wheat 
(Triticum aestivum L.) and spring pea (Pisum sativum) rotation while NT was under winter 
wheat. Primary tillage operations were performed in October 2000, and 2001 and soil 
samples (volume: 206 cm3) were taken on May 16 (46 days after tillage) and November 30 in 
2001 and on April 22, June 26 and September 18 in 2002. Water retention curves for h = 0 to 
-40 cm were measured using the hanging water column method while a pressure plate 
extractor was used for h = -100 to -1000 cm (h = -1, -2, -4, -8, -10.5, -12.5, -30, -40, -100, -
200, -300, -400, -600, -1000 cm) on undisturbed samples and fitted to the VG model. The 
seasonal evolution of CT following tillage only after the 2001 tillage was predicted as there 
was only one measurement after tillage in 2000. For the change in tillage regime from CT to 
NT, we used the dataset immediately following tillage for CT and the corresponding 
measurement for NT in 2001. The predictions were made for the 0–3 cm depth.
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Table 3 Characteristics of the study area, study period, soil type according to World Reference Base (WRB), land-use – type of management practice 
(conventional tillage (CT), rototillage (RoT), No Tillage (NT), forest (F), pasture or grassland (G) and crop type), mean temperature (T), mean annual 
precipitation (P) and texture (% sand, silt and clay by weight) with the classification system, organic carbon (C) and total nitrogen (%N), both % by weight 
Reference Study area Study 
period 
Soil type 
(WRB) 
Land-use considered Climate Land-
use 
Sand 
% 
Silt 
% 
Clay 
% 
C  
% 
N    
% 
Fuentes et al. 
(2004) a,c,d 
Washington, USA 
(46° 34‘N 117° 
12’W) 
2001–
2002 
Chernozem CT with winter wheat (Triticum 
aestivum L.)  and spring pea (Pisum 
sativum) and NT with winter wheat 
Mediterranean 
T: 8.3°C 
P: 544 mm 
CTe 15.9 70.4 13.7 1.47 0.12 
NTe 13.3 73.6 13.1 1.82 0.17 
Martínez et 
al. (2008) a,c 
Antumapu, Chile 
(33° 40‘S 70° 
38’E) 
2003 Phaeozem 4- and 7-year CT and NT on two 
sites under durum spring wheat 
(Triticum turgidum L. var. durum) 
Mediterranean 
T: 16 °C 
P: 330 mm 
4 ye 46.8 2.8 50.4 1.2 0.027 
7 ye 43.0 3.9 53.1 1.06 0.008 
Schwen et al. 
(2011a) b,,c,d 
Raasdorf, Austria 
(48° 14‘N 16° 
35’E) 
2008–
2010 
Chernozem CT and NT with winter wheat 
(Triticum aestivum L.) 
Dry subhumid 
T: 9.8°C 
P: 546 mm 
Tillagef 27 54 20 2.4 - 
Schwärzel et 
al. (2011) b,c 
 
 
 
Canterbury, New 
Zealand (43° 38‘S 
172° 27’E) 
2008–
2009 
Haplic 
Cambisol 
CT with wheat (Triticum aestivum 
L.) and pasture (G) with sheep and 
beef cattle grazing 
T: not given, 
P: 667 mm 
CTf 26.2 51.9 21.9 2.94 0.24 
Gf 28.5 51.9 19.6 2.21 0.19 
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 Bodner et al. 
(2013) b,d 
Raasdorf, Austria 
(48° 14‘N 16° 
35’E) 
2009–
2012 
Chernozem CT with fallow and with mustard 
(Sinapis alba L.) and rye (Secale 
cereal L.) 
Dry subhumid 
T: 9.8°C, P: 
525 mm 
CTf 19 56 24 0.25 - 
Yu et al. 
(2015) b,c 
Zhonggou 
catchment, China 
(35° 20‘N 107° 
31’E) 
2012–
2013 
Calcaric 
Regosol 
CT with rape cultivation (Brassica 
napus L.) and F under black locust 
plantation (Robinia pseudoacacia 
L.) 
Semi-humid 
T: 10.2°C 
P: 509 mm 
CTf 1.1 79.4 19.6 0.79 0.07 
Ff 0.4 82.2 17.4 0.66 0.08 
Kargas et al. 
(2016) a,d 
Attica, Greece 
(38° S 23° 85’W) 
2011–
2013 
Eutric 
Fluvisol 
RoT  Arid to semi-
arid 
T: not given, 
P: 400 mm 
RoTg 50.5 36 13.5 - - 
Peña-Sancho 
et al. (2017) 
a,c,d 
Zaragoza, Spain 
(41° 44‘N 0° 
46’W) 
2011–
2012 
Hypercalcic 
Calcisol 
CT and NT in the long fallow phase Semi-arid 
T: 14.5°C, P: 
390 mm 
CTg 33.3 43.3 23.4 1.06 - 
NTg 31.8 44.5 23.7 1.05 - 
a obtained from the published article   b obtained through direct correspondence with the author   
c Change in tillage regime  d Seasonal evolution 
Soil texture classification system: e USDA (Sand: 2000 - 50 µm, Silt: 50 - 2 µm, Clay < 2 µm) f DIN standard (Sand:  2000 - 63 µm, Silt: 63-2 µm, Clay: < 2 
µm) g Not specified; For % C and % N: - Not given
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4. Results 
4.1 Evolution of soil pore size distribution 
The temporal dynamics of PSD following tillage through a season as well as when there is a 
change in tillage regime are shown in Sections 4.1.1 (Figures. 4 – 8) and 4.1.2 (Figures. 9 – 
13). The data points of the observed PSD values, denoted by (o) in the figures, correspond to 
the heads at which water retention measurements were made. The different shades of gray in 
the background of the figures represent the different functional pore radii (r) (as indicated in 
Table 1) in the bottom x – axes and the corresponding pF range in the top x-axes to get a 
notion of the behavior of the pores at different pressure heads. Table 8 provides the 
physically based coefficient values and model parameters: zero-order moment m0, first order 
moment <r>, dispersivity λ and the r2 and RMSE values. λ is obtained by fitting Eq. (16) to 
the observed PSD values by means of the Levenberg-Marquardt method similar to the 
procedure followed by Leij et al. (2002a).  
4.1.1 Following tillage through a season 
In this section, the evolution of soil PSD is captured in the weeks and months following 
tillage. The WRP measured immediately after tillage is parameterized using Eq. (5) and 
forms the initial PSD curve (solid line in Figures 4 – 8). The WRP measured at the later 
stages serves as the basis to predict the evolution of PSD with time. The dots are the observed 
values and the dashed lines are the values predicted by the model.  
Austria I  
The evolution of PSD after 42 d under CT obtained from WRP of Schwen et al. (2011a) is 
shown in Figure 4. The observed and predicted values show good agreement in this study 
according to the r2 and RMSE values from Table 8. It is seen that there is an over-estimation 
of the PSD for r at 149 µm. This may be attributed to an intense precipitation event 
(mentioned in the original study) that led to rapid collapse of large pores and formation of 
finer pores inducing aggregation breakdown. In such cases, a source or sink term that is able 
to capture the effects of rainfall after a certain threshold may help in improving the modeling 
outcomes. Alternatively, providing new initial conditions after a rainfall intensity threshold 
and continuing our simulations from there may also be a feasible solution. This threshold will 
have to be defined based on site-specific conditions such as soil type, land-use and 
management as well as meteorological parameters.  
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Figure 4 Evolution of PSD from the WRP dataset in Austria from Schwen et al. (2011a) for 
CT: 1 d - 42 d.  
Austria II 
Figure 5 shows the observed and predicted frequencies for the evolution of PSD for CT from 
1 d to 181 d from the WRP of Bodner et al. (2013b). From the figure, it is seen that there is a 
shift in the bell curve towards smaller pores, a trend that is expected in the months following 
tillage. The σ value (Table 8), i.e., the width of the bell curve increases from 1.2 to 1.7 
indicating a heterogenization of the pore system. In this case, the model is adept at capturing 
the evolution of PSD after CT with high r2 values of 0.99.  
 
Figure 5 Evolution of PSD from the WRP dataset in Austria from Bodner et al. (2013b) from 
CT: 1 d - 181 d 
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Greece 
Figure 6 (a) and (b) show the observed and predicted frequencies for 196 d and 346 d 
respectively after rototillage in 2011 from WRP of Kargas et al. (2016). The PSD curves 
show that the temporal dynamics of PSD is not considerable in this case, especially almost a 
year after tillage. It is also seen from Table 8 that 〈r〉 increases from 9.34 µm to 15.54 µm 
after 196 d and to 18.14 µm after 346 d after tillage, meaning that 〈r〉 immediately after 
tillage is smaller than the 〈r〉 recorded at later stages. This may be attributed to the possibly 
due to aggregate coalescence owing to the high rainfall in the months following tillage. 
However, this is contrary to the underlying process described in the model of Or et al. (2000) 
where the mean pore radius is expected to decrease. Therefore, we took absolute values for 
the cumulative drift term following which the model was able to capture very well the 
evolution of PSD through a season after rototillage. Furthermore, the degradation term, 
indicated by the first-order moment m0 (Table 8), is almost constant over the season, 
presumably because of the fallow land-use, i.e., due to the lack of biological activity such as 
root growth. The model yields very good r2 values indicating good fits between the observed 
and predicted values.  
 
 
Figure 6(a) Evolution of PSD from the WRP dataset in Greece from Kargas et al. (2016) 
from CT: 1 d - 196 d 
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Figure 6(b) Evolution of PSD from the WRP dataset in Greece from Kargas et al. (2016) 
from CT: 1 d - 346 d 
 
Spain 
Figure 7 (a), (b) and (c) show the observed and predicted frequencies for the seasonal 
evolution of PSD after 62 d, 124 d and 220 d following CT from the WRP of Peña-Sancho et 
al. (2017). From Table 8 it is seen that for S3 (62 d after tillage), the value of 〈r〉 increases 
from 69.8 µm to 86.8 µm after which it decreases considerably. From the original study, it is 
known that the anomaly in water retention curves is ascribed to the soil wetting process that 
was used to measure θ(h) indicating that the waterlogging of freshly tilled soil may induce 
collapse of macropores while increasing the frequency of the smaller pores. Subsequently, the 
study also shows a high λ value for 62 d after tillage. Overall, the fit of all the curves are 
poorer in comparison to the remaining studies. Here again, similar to the Austria I study, 
there are records of high effective rainfall values during the study which may have influenced 
the performance of the model. Moreover, the land was fallow indicating that high intensity 
rainfalls may have triggered physical processes in the soil that are different and/or stronger 
than the ones expected by the current model.  
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Figure 7(a) Evolution of PSD from the WRP dataset in Spain from Peña-Sancho et al. (2017) 
from CT: 1 d - 62 d 
 
Figure 7(b) Evolution of PSD from the WRP dataset in Spain from Peña-Sancho et al. 
(2017) from CT: 1 d - 124 d 
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Figure 7(c) Evolution of PSD from the WRP dataset in Spain from Peña-Sancho et al. (2017) 
from CT: 1 d - 220 d 
 
USA   
Figure 8 (a), (b) and (c) show the evolution of the PSD from the initial measurement at 42 d 
after tillage to 186 d, 250 d and 335 d after tillage from WRP of Fuentes et al. (2004). The 
PSD reveals a high frequency of large pores immediately after tillage which is consistent with 
the findings of other studies (e.g., Schwärzel et al., 2011; Bodner et al., 2013b). There is an 
increase in the variance of the PSD (σ values in Table 8) indicating a heterogenization of the 
pore system. This is due to the collapse of large pores and the formation of finer pores caused 
by precipitation events (35–40 mm) in between sampling dates inducing aggregate 
breakdown. In this study, it is to be noted that though the first WRP measurements were 
obtained only 42 d after tillage operations, the model was still able to capture the evolution of 
PSD throughout the year.  
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Figure 8(a) Evolution of PSD from the WRP dataset in USA from Fuentes et al. (2004) from 
CT: 42 d - 186 d 
 
Figure 8(b) Evolution of PSD from the WRP dataset in USA from Fuentes et al. (2004) from 
CT: 42 d - 250 d 
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Figure 8(c) Evolution of PSD from the WRP dataset in USA from Fuentes et al. (2004) from 
CT: 42 d - 335 d 
 
4.1.2 Change in land-use and management practice 
In this section, the evolution of soil PSD is captured in response to land-use change. The 
WRP measured after CT is parameterized using Eq. (5) and forms the initial PSD curve (solid 
line in Figures 9 – 13). The WRP measured after a change in land-use is used to predict the 
evolution of PSD with time. The dots are the observed values and the dashed lines are the 
values predicted by the model.  
Chile   
Figure 9 (a) and (b) show the evolution of PSD from WRP of Martínez et al. (2008) for 4- 
and 7-year CT to NT at 0-2 cm depth while Figure 9 (c) and (d) show the same PSD 
evolution for 2 - 5 cm depth. The model captures well the evolution of PSD from CT to NT 
for all the cases (r2 values > 0.95 for all cases in Table 8).It is seen that the mean pore radius 
(〈r〉 values in Table 8) decreases for all the cases in this study. In Martínez et al. (2008), it 
was reported that the soil was tilled and seeded in July 2003 whereas soil cores for water 
retention curves were extracted in January 2004. Hence, measurements were taken many 
months after CT. From the cumulative rainfall data in this study, it is safe to assume that this 
decrease in 〈r〉 was due to sealing and consolidation of soil due to precipitation. For 2 - 5 cm 
depths, the temporal dynamics is not very considerable in the 7-year CT to NT case 
presumably because of compaction in both long term CT and NT.  
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Figure 9(a) Evolution of PSD from the WRP dataset in Chile from Martínez et al. (2008) for 
4-year CT to NT at 0 - 2 cm depth 
 
Figure 9(b) Evolution of PSD from the WRP dataset in Chile from Martínez et al. (2008) for 
7-year CT to NT at 0 - 2 cm depth 
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Figure 9(c) Evolution of PSD from the WRP dataset in Chile from Martínez et al. (2008) for 
4-year CT to NT at 2 - 5 cm depth 
 
Figure 9(d) Evolution of PSD from the WRP dataset in Chile from Martínez et al. (2008) for 
7-year CT to NT at 2-5 cm depth 
 
Austria Ⅰ 
Figure 10 shows the evolution of soil pore space from CT to NT in 2008/09 for the study by 
Schwen et al. (2011a). From Table 8, it is seen that there is a good agreement between the 
observed and predicted frequencies due to high r2 and low RMSE values. It is also observed 
that 〈r〉 values show an increasing trend. Here, the WRP input data was given for both CT 
and NT at 42 d (in Oct 2008). While one would expect higher mean pore radius values after 
CT, it must be noted here that the measurements took place 42 d after CT by which time there 
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was considerable soil consolidation. This leads to a lower 〈r〉 value in CT when compared to 
NT where the pore dynamics is relatively stable through the year. Furthermore, the λ values 
(Table 8) are unusually high which may be attributed to the high rm and 〈r〉 values. Such high 
λ values was also observed by Bodner et al. (2013b) (Section 4.1.1: Austria II).  However, λ 
is a fitting parameter, and more research is needed in order to generalize the range of values 
that λ can take based on the soil type and mean pore radius. 
 
Figure 10 Evolution of PSD from the WRP dataset in Austria from Schwen et al. (2011a) for CT to 
NT 
 
China 
Figure 11 shows the pore space evolution from CT (initial) to forest (final) in the study by Yu 
et al. (2015). In this case, it is seen that the forest has lower σ value (lesser variance in the 
PSD) which is contradictory to other studies. The authors suggest that the established forests 
in the Loess Plateau are not very dense and the afforestation mainly consists of understory 
and overstory. Consequently, the root water uptake is significantly higher in forests than 
under grassland leading to more pronounced wetting-drying and shrink-swell cycles under 
forests. This leads to collapse of macropores and a shift in PSD towards smaller pores leading 
to a smaller range of available pore sizes (and hence, a smaller σ value). The drift and 
dispersion terms of the model capture very well the change in mean pore size and variance 
resulting in an excellent fit of the pore evolution model (r2 = 0.98 and RMSE = 0.0016).  
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Figure 11 Evolution of PSD from the WRP dataset in China from Yu et al. (2015) for CT to forest 
 
Spain 
Figure 12 shows the evolution of PSD from CT to NT for the WRP by Peña-Sancho et al. 
(2017). The model parameters for the NT curve shows the characteristic increase in σ value 
and decrease in 〈r〉. However, the model predictions for smaller pore radii (r < 10 µm) show 
poorer fits as is seen in Figure 12 and indicated by the r2 and RMSE values in Table 8. The 
occurrence of high intensity rainfall may have contributed to a decrease in the fit of observed 
and predicted values.  
 
Figure 12 Evolution of PSD from WRP in Spain from Peña-Sancho et al. (2017) for CT to NT 
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New Zealand 
Figure 13 shows the evolution of soil PSD in response to a change in land-use from CT to 
pasture from the WRP of Schwärzel et al. (2011). There is an expected reduction in the 
median pore size (rm) from 5.2 to 1.2 µm as well as a decrease in 〈𝑟〉 from 33.8 to 18.2 µm. σ 
increases from 1.9 to 2.3 which shows an increase in the spread of the pores and a loss of 
large pores after tillage. This again concludes that the macropore-rich structure created by 
tillage is rather unstable and subject to rapid collapse. There is a very good agreement 
between the predicted and observed PSD (r2 = 0.98).  
 
Figure 13 Evolution of PSD from the WRP dataset in New Zealand from Schwärzel et al. 
(2011) for CT to pasture 
 
4.1.3 Knowledge of only initial and final water retention parameters following tillage   
Sections 4.1.1 and 4.1.2 predicted the evolution of soil PSD using measured water retention 
data at each temporal stage. This implies that every predicted curve has a measurement 
campaign behind it which increases the effort, time and costs involved to capture the 
temporal dynamics in soil structure. Therefore, in this section, the temporal evolution of PSD 
for the intermediate stages, i.e., the stages in between the first and last measurements, was 
predicted using only the water retention data obtained in the initial and final measurement 
campaigns. In other words, we tried to answer the question: Can we predict the evolution of 
soil structure in a season using only the WRP data sets from the initial and final temporal 
stage? The drift term and dispersivity were defined using an estimation of the coefficients 
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from the initial and final time steps. By doing so, the need for continuous measurements for 
most stages following tillage are eliminated.  
The results for the cases using datasets from USA, Greece, and Spain are presented in Figure 
14 (a), (b) and (c) respectively. They are shown as 1:1 graphs between observed and 
predicted frequencies. Here, the observed frequencies refer to the frequencies obtained using 
the analytical solution for the WRP data at each temporal stage and presented in the previous 
section (Section 4.1.1). The predicted frequencies refer to the frequencies predicted for the 
intermediate stages using only the initial and final data sets. The observed frequencies are on 
the x-axis and the predicted frequencies are on the y-axis. The measurement points all lie on 
the 1:1 line indicating very good estimations for the predictions done without any knowledge 
of the WRP in the intermediate stages. Moreover, the r2 and RMSE values were all close to 1 
(~ 0.99) and < 0.006, respectively.  
 
(a) Data set from USA from Fuentes et al. (2004) 
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(b) Data set from Greece from Kargas et al. (2016) 
 
(c) Data set from Spain from Peña-Sancho et al. (2017) 
 
Figure 14 1:1 plots with frequencies determined with knowledge of WRP at each time step 
on the x-axis and frequencies determined with no knowledge of WRP in the intermediate 
stages on the y-axis  
 
4.1.4 Percentage relative error with respect to pore class 
The percentage relative error: ((predicted-observed values)/observed values) * 100) with 
respect to the different pore size classes was plotted. This was done to assess the pore radii 
range where the model is more prone to exhibit errors as well as to see if there are over- or 
underestimated predictions in comparison to the observed values. Figure 15 demonstrates that 
the majority of the predictions are particularly good for pore radius range > 10 µm for almost 
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all the studies. The studies that showed poorer predictions, i.e., Austria I and Spain, are 
marked in the graph. The principal reason for both these cases is attributed to high intensity 
rainfalls. The data from Spain was also subject to anomalies during measurement which was 
discussed in Section 4.1.1 and 4.1.2. For pore radii  < 10 µm, though the differences are more 
marked, a majority of the studies still have their relative error close to the zero line.  
 
 
Figure 15 Percentage relative error between predicted and observed frequencies for all 
studies plotted against the different pore size range 
 
4.2 Estimation of soil hydraulic properties from evolution of pore size distribution 
The initial results of estimation of SHP from PSD evolution for a change in land-use are 
shown in the section. The water retention curve is re-estimated from the PSD of the final 
curve from Section 4.1.2. Later, the saturated hydraulic conductivity is obtained using the 
initial and final PSD. Finally, the hydraulic conductivity function is estimated using the 
methods specified in Section 3.2.  
The results in the current section are preliminary because the number of studies that captured 
the temporal dynamics of both water retention parameters as well as hydraulic conductivity 
are, unfortunately, very limited. Hence, the model has been evaluated for its ability to 
estimate SHP from PSD evolution for only two case studies. Furthermore, only the final 
curves are presented here as there was some overlap in the curves at higher pressure heads. 
This created lack of clarity in visualizing and interpreting the results. This is expected 
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because changes in soil pore space are foreseen only in the structural part while the textural 
pore space is anticipated to be static in response to external influences. However, the 
observed data for both the initial and final curves are presented by means of tables.  
 
4.2.1 Water retention function 
New Zealand 
The water retention function for pasture (from a change in land-use from CT) for the study of 
Schwärzel et al. (2011) is shown in Figure 16. Here, (o) stands for observed values and (p) 
stands for the predicted values. The water retention data for CT and pasture is presented in 
Table 4. The model is able to re-estimate the water retention function from PSD quite well 
with r2 = 0.92 and RMSE = 0.0025. It is observed that the pasture site has lower θs and θr 
values than the cropped land (Table 8). The slight aberrations between the observed and 
predicted values may be attributed to significant spatial variability between different 
sampling points in the pasture site. So, the authors used separate scaling approaches to 
parameterize WRP according to Kosugi (1994). This may cause noise in the modeling results 
in obtaining the water retention function. 
 
Figure 16 Re-estimation of water retention function from PSD evolution for pasture in New 
Zealand from Schwärzel et al. (2011)  
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Table 4 Observed soil water contents for cropped and pasture sites 
Head 
(cm) 
10 31 100 316 1000 15800 
CT 0.44 0.40 0.33 0.29 0.24 0.14 
Pasture 0.40 0.39 0.35 0.32 0.29 0.128 
 
 
Washington 
The water retention function for NT (from a change in land-use from CT) for the study of 
Fuentes et al. (2004) is shown in Figure 17. Here, (o) stands for observed values and (p) 
stands for the predicted values. The water retention data for CT and NT is presented in Table 
5. The model is able to re-estimate the water retention function from PSD quite well with r2 = 
0.95 and RMSE = 0.0019. It is seen that the predicted curve slightly over-estimates the water 
retention values. The inherent spatial variability of the study site as well as the 
representativeness of the fitted residual water content value from the original study may have 
contributed to this over-estimation.  
 
 
Figure 17 Re-estimation of water retention function from PSD evolution for NT in 
Washington from Fuentes et al. (2004) 
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Table 5 Observed soil water contents for CT and NT 
 
 
4.2.2 Hydraulic conductivity function 
New Zealand 
The hydraulic conductivity function for pasture (from a change in land-use from CT) for the 
study of Schwärzel et al. (2011) is shown in Figure 18; (o) stands for observed values and (p) 
stands for the predicted values. The hydraulic conductivity data for CT and pasture sites is 
shown in Table 6.The model is able to re-estimate the water retention function from PSD 
quite well with r2 = 0.98 and RMSE = 0.0005. The prediction of the hydraulic conductivity 
near saturation (h = 5 cm) shows a slight discrepancy according to Figure 18. However, the 
predictions at all the other pressure heads conform to the observed values.  
 
Figure 18 Estimation of hydraulic conductivity function for pasture in New Zealand from 
Schwärzel et al. (2011) 
  
Head 
(cm) 
1 2 4 8 10.5 12.5 30 
CT 0.55 0.53 0.52 0.48 0.47 0.46 0.39 
NT 0.54 0.54 0.54 0.54 0.54 0.54 0.54 
Head 
(cm) 
40 100 200 300 400 600 1000 
CT 0.37 0.30 0.25 0.22 0.21 0.19 0.18 
NT 0.53 0.52 0.51 0.50 0.49 0.48 0.47 
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Table 6 Observed hydraulic conductivity values for cropped and pasture sites 
Head 
(cm) 
5 10 20 30 50 100 
CT 1.95 0.85 0.26 0.11 0.03 0.00 
Pasture 1.58 0.75 0.27 0.13 0.05 0.01 
 
Washington 
The hydraulic conductivity function for NT (from a change in land-use from CT) for the 
study of Fuentes et al. (2004) for 4-year NT at 0 – 2 cm depth is shown in Figure 19. (o) 
stands for observed values and (p) stands for the predicted values. The hydraulic conductivity 
data for CT and NT are presented in Table 7.The model is able to re-estimate the water 
retention function from PSD quite well with r2 = 0.89 and RMSE = 0.0023. The prediction of 
the hydraulic conductivity at and near-saturation show very good fits in comparison to the 
values at higher pressure heads. 
 
Figure 19 Estimation of hydraulic conductivity function for NT in Washington from Fuentes 
et al. (2004) 
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Table 7 Observed hydraulic conductivity values for CT and NT 
 
 
4.3 Synopsis: model application to capture soil structural dynamics 
In this chapter, the pore space evolution model for different data sets around the world has 
been evaluated and the corresponding soil hydraulic properties have been derived. The model 
was evaluated both for a change in land-use as well as in the weeks and months following 
tillage. The results show that the pore evolution model is adequate for most cases in capturing 
the expected processes following tillage through the drift, dispersion and degradation terms. 
In some studies, high intensity rainfalls resulted in aberrations of the model results. 
Furthermore, the model was assessed for its ability to predict soil structural dynamics under 
the assumption that only the initial and final WRP were known. Again, in this case, the 
results demonstrate that the model was able to predict the processes that took place within a 
season in this case with high accuracy. The derivation of water retention and hydraulic 
conductivity functions was also accomplished. However, the lack of sufficient data sets that 
capture the temporal dynamics of both WRP and hydraulic conductivity parameters proved to 
be a limitation for model application.
Head 
(cm) 
1 2 4 8 10.5 12.5 30 
CT 1.39 0.53 0.14 0.02 0.01 0.01 0.00 
NT 0.92 0.49 0.23 0.09 0.06 0.05 0.01 
Head 
(cm) 
40 100 200 300 400 600 1000 
CT 6.81e-05 6.97e-07 1.15e-08 8.00e-10 1.08e-10 5.36e-12 9.23e-14 
NT 0.01 0.00 0.00 8.09e-05 3.84e-05 1.28e-05 2.95e-06 
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Table 8 WRP and PSD parameters used for modeling based on studies described in Section 2.2.1 
AMP: Agricultural management practice; θs: saturated water content; θr: residual water content; σ: standard deviation of the log-transformed 
pore radius; rm median pore radius or geometric mean; m0: zero order moment; 〈r〉: drift term; λ: dispersivity; T: cumulative drift term 
No. AMP Days (d) after 
tillage 
θs θr σ rm (µm) m0 〈𝒓〉 (µm) λ T (µm) r2 RMSE 
Austria 
Ⅰ 
CT 1 0.4900 0.0650 1.0815 126.3140 0.4250 226.6845 – – – – 
42 0.4700 0.0650 1.0783 157.3260 0.4050 281.3724 360.1448 62.8641 0.85 0.0002 
NT - 0.4100 0.0650 1.2239 192.1514 0.3450 406.3518 628.6406 179.6672 0.95 0.0006 
Austria 
Ⅱ 
CT 1 0.4400 0.0670 1.2639 98.1089 0.3730 218.0678 – – – – 
181 0.5100 0.0670 1.7129 80.9441 0.4430 350.9912 46.6675 132.9234 0.99 0.0001 
Chile (4 
y) 
CT (0 – 2 cm) - 0.4810 0.0004 1.9856 2.1101 0.4806 15.1505 – – – – 
NT (0 – 2 cm) - 0.4288 0.0933 1.4922 1.8491 0.3355 5.6295 1.8727 9.5210 0.99 0.0063 
CT (2 – 5 cm) - 0.4853 0.0690 1.6957 3.9836 0.4163 16.7758 - - - - 
NT (2 – 5 cm) - 0.4536 0.0533  1.7360 2.0578 0.4003 9.2855 1.3067 7.4903 0.99 0.0079 
Chile (7 
y) 
CT (0 – 2 cm) - 0.5134 0.0006 2.0815 4.4805 0.5128 39.0944 – – – – 
NT (0 – 2 cm) - 0.4571 0.1670 1.6107 1.5397 0.2900 5.6339 1.3697 33.4605 0.99 0.0078 
CT (2 – 5 cm) - 0.4971 0.0344 2.0504 4.8852 0.4627 39.9780 - - - - 
NT (2 – 5 cm) - 0.4555 0.0912 1.7555 1.2992 0.3643 6.0661 1.0095 33.9119 0.96 0.0203 
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China CT  - 0.4300 0.0840 2.4600 7.4700 0.3460 153.9603 – – – – 
Forest - 0.4920 0.0830 1.5000 3.8300 0.4090 11.7972 5.7171 142.1631 0.98 0.0016 
Greece RoT (2011) 1 0.5210 0.06500 1.1591 4.7692 0.4560 9.3370 – – – – 
196 0.5270 0.06500 1.1563 7.9615 0.4620 15.5354 9.0366 6.1984 0.99 0.0007 
346 0.5200 0.06500 1.3421 7.3706 0.4550 18.1393 5.3818 8.8023 0.97 0.0013 
New 
Zealand 
CT - 0.4536 0.1401 1.9350 5.2043 0.3135 33.8387 – – – – 
Pasture - 0.4093 0.1073 2.3140 1.2481 0.3020 18.1548 0.5000 15.6839 0.98 0.0137 
Spain CT  1 0.4800 0.2300 1.0890 38.5687 0.2500 69.7808 – – – – 
62 0.4800 0.2100 1.0807 48.4099 0.2700 86.8081 253.6272 17.0273 0.86 0.0005 
124 0.4500 0.2300 1.0341 17.7101 0.2200 30.2290 22.31 39.5518 0.62 0.0014 
220 0.4500 0.2900 1.0973 22.5862 0.1600 41.2396 36.68 28.5412 0.73 0.0009 
CT to NT - 0.4300 0.1600 1.6425 9.1998 0.2700 35.4460 6.5060 34.3348 0.86 0.0037 
USA 
(0–3 
cm) 
CT  42 0.5560 0.1520 1.9760 30.4709 0.4040 214.6404 – – – – 
186 0.5970 0.0490 1.8556 11.3115 0.5480 63.2674 230.0919 151.3730 0.98 0.0021 
250 0.6080 0.0260 1.8350 8.8153 0.5820 38.8114 167.3216 167.1726 0.96 0.0031 
335 0.5650 0.0010 1.9346 6.1927 0.5640 34.7868 156.9946 174.4086 0.92 0.0045 
CT to NT - 0.5450 0.0010 2.3314 4.6355 0.5440 70.2017 177.3997 144.4387 0.88 0.0054 
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5. Discussion 
From the results, it is seen that the predictions of the pore space evolution model show a good fit 
to the observed values. The coefficients of the FPE, which were calculated from moment 
analyses as well as from independent models, capture the physical processes following tillage. 
The first-order moment 〈r〉 and the time-dependent cumulative drift term T are indicators of the 
magnitude of reduction in the mean pore size. The general trend is that 〈r〉 decreases very 
quickly in the early days after tillage and then stabilizes over time. This decrease in 〈r〉 is typical 
in the months following CT when the abundance of macropores created by tillage is subject to 
environmental influences leading to an increased probability of micropores (r < 5 µm) (Leij et 
al., 2002a). Another observed trend is that the width of the bell curve increases indicating a 
heterogenization of the pore system (cf. Schwärzel et al., 2011; Schwen et al., 2011b). The time-
dependent degradation term M(t) serves to identify the loss of porosity due to the instantaneous 
collapse of large pores. The study by Leij et al. (2002a, b) chose to ignore the degradation term 
while Schwärzel et al. (2011) observed that its inclusion by means of an exponentially decaying 
function led to better results. In our study, we included the degradation only when the zero order 
moment (m0) or the probability was not preserved during the different stages. In general, the 
results show that the pore evolution model predicts the evolution of PSD for all the study cases 
very well. The r2 values of most of the studies are well above 0.85, and the RMSE values are 
quite low.  
The model tries to mainly capture the changes in pores larger than 10 µm (corresponding to h > 
330 cm) because smaller pores are not expected to be affected by management practices. Figure 
15 shows that for smaller pore radii with r < 10 µm (h > 330 cm), there is a tendency for outliers 
in the graphs when compared to the other pore size ranges. Still, some studies in the same range 
(r < 10 µm) reveal good fits between the observed and predicted values, other studies such as 
Peña-Sancho et al. (2017) exhibit poorer fits. This may be attributed to the difference in the 
impact of different tillage regimes for different soil types, locations, and climate regimes. 
Furthermore, the zero-probability flux as the lower boundary condition at r = 0 causes a small 
shift in the pore volume to prompt a higher increase in the frequency of the mean pore radii. 
Hence, the predictions become less accurate at smaller radii. Measurement methods such as X-
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ray tomography or mercury intrusion may allow us to better understand modification in soil 
pores.  
Measurement of management-induced changes in soil structure is subject to small-scale soil 
heterogeneity. For both field and lab measurements, the soil samples on which WRP values were 
measured are not identical at each temporal stage, meaning that the samples at each time step 
were not taken at the same location as the previous time step. In addition, studies under mild and 
temperate climates such as those in Martínez et al. (2008) and Schwärzel et al. (2011) have 
better fits while observations with high effective rainfalls in between sampling events have lower 
r2 values (Peña-Sancho et al., 2017). The rapid disintegration of soil crumbs and reduction in 
pore space caused by raindrop impact calls for a different process-based approach for the drift 
and degradation coefficients. A plausible approach to calibrate these coefficients for such 
condition would be to simulate the PSD after tillage until high rainfall intensities rapidly change 
the PSD. At this time, we may continue our numerical simulation by providing more recent 
values for the initial PSD after the event. Alternatively, a sink/source term may be added to the 
model to account for changes in soil structure that are not effectively captured by the existing 
coefficients.  
When PSD was predicted without any knowledge of WRP for the intermediate stages (Section 
4.1.3), it was seen that the physically based coefficients could capture very well the direction of 
evolution of the pore space. In this case, we fit the frequencies to the 1:1 graph (Figure 14) 
implying a variable λ for the same study. In order to calibrate or standardize λ, we may need to 
test the model on a wider variety of water retention data sets from different parts of the world. 
Currently, the availability of such data sets are limited and hampers the testing and validation of 
the model. Additionally, the model accounts for a diffusion-like process following tillage with 
the pore frequency tending towards a more stable and even distribution with time and shifting of 
the mean pore radius from bigger to smaller values. In this study as well as in the studies of Leij 
et al. (2002a ,b) and Schwärzel et al. (2011), the λ value is obtained by fitting it to the observed 
values with the Levenberg-Marquardt method. Nevertheless, the linearity of the drift and 
dispersion terms (Eq. 11) must be investigated in future studies.  
The results for the derivation of water retention and hydraulic conductivity functions also show 
good fits to the observed values. For the study by Schwärzel et al. (2011), it is seen that the 
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hydraulic conductivity near saturation for pasture shows some discrepancies from the observed 
values. In the original study, the authors have acknowledged large variability of macropores and 
hence, hydraulic conductivity at and near saturation. Contrastingly, in the study by Fuentes et al. 
(2004) the hydraulic conductivity at and near saturation show better fits in comparison to higher 
pressure heads. Here, the measurements were done at wetter soil conditions and led to the 
expansion of soil pores. This process may not have been adequately captured at higher pressure 
heads by the coefficient of the model and may have caused discrepancies in the predictions. With 
respect to the water retention curve which was re-estimated from the PSD evolution, the 
predictions are influenced by the high spatial variability in the sampled sites in both the studies. 
Moreover, in the study by Schwärzel et al. (2011), separate scaling approaches were used for 
parameterization of the water retention and hydraulic conductivity functions. But the current 
model attempts to obtain SHP parameters without considering the type of scaling methods used. 
This may also be a reason for some of the differences in the predicted and observed values. 
The model is, however, severely limited due to the lack of availability of sufficient datasets to 
calibrate the coefficients and validate the simulations. A generalization of the impact of 
management practices on soil structure for a particular region is hardly possible with a handful of 
WRP data sets that account for temporal changes through a season. In order to use the model 
with certain degree of reliability, a comprehensive global data with measurements of WRP on a 
temporal scale is essential. Such a data set may also help in understanding the sensitivity of the 
coefficients and the dispersivity on the model results. Ultimately, there is a need for more data 
sets similar to the studies we have used in this article to validate the behavior of the model in 
response to a management practice for a given set of environmental boundary conditions. 
Though the scope of this article is limited to evaluating the performance of the pore space 
evolution model, the quality of data used as input for modeling is a very relevant point for 
discussion. The wide variety of data obtained using different methodologies have an impact on 
the model outcome and predictions (cf. Peña-Sancho et al., 2017)). The study shows 
unexpectedly high values of rm and 〈r〉. The authors attribute the anomaly in the water retention 
curves to the soil wetting process that was used to measure θ(h) indicating that the waterlogging 
of freshly tilled soil may induce collapse of macropores while increasing the frequency of the 
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smaller pores. The effective rainfall values (see Peña-Sancho et al. 2017) are quite high which 
may have contributed to the rather ‘erratic’ model parameters.  
In this regard, standardization of research methodologies is critical towards our interpretation of 
results from different experiments on different locations to identify the impacts of management 
practices on SHP (Chandrasekhar et al., 2018). Further, besides the wetter part of the soil 
(Hayashi et al., 2006), changes in the dryer part may also occur and must be captured (Roger-
Estrade et al., 2009). As a result, combined field and laboratory methods in high temporal 
resolution are needed for the characterization of θ(h) and K(h) to better understand the impact of 
tillage on soil pores under different climates and locations. In addition, such a combination of 
methods may be useful to capture the dynamics in soil PSD from saturated to dry conditions as a 
basis for investigating the evolution of soil PSD using existing bi-modal distributions. Kutílek 
(2004) revealed the existence of a structural pore domain, separated from the textural pore 
domain by a distinct minimum in the PSD for strongly structured soils. This implies the need for 
specific hydraulic property functions for the two domains (Reynolds, 2017). In this context, field 
measurement methods such as tension infiltrometer have shown to be effective for capturing 
flow processes in the soil at values close to saturation for heads between 0 and 330 cm 
(Schwärzel and Punzel, 2007; Schwärzel et al., 2011; Weninger et al., 2018). For capturing the 
changes in the less-dynamic dryer part, transient flow experiments such as multistep in- and out-
flow experiments or evaporation experiments have been commonly used methods (Schelle et al., 
2010; Weninger et al., 2018) 
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6. Summary and Outlook 
Adaptive management of soil resources is crucial against the backdrop of population increase 
and climate change. These wide range of management practices are done with an aim to promote 
sustainable intensification of agriculture and minimize environmental degradation. In agricultural 
soils, tillage is the most widely used management practice and together with environmental 
impacts such as rainfall, influence the dynamics of the surface soil structure. The distribution of 
pores and pore sizes on the surface soil is altered which have consequences for the soil hydraulic 
properties. However, generalizing the direction of the alterations remains a challenge as the 
studies demonstrate different outcomes due to site-specific impacts (e.g. types of root) as well as 
a lack of standardization of the methodology (e.g. measurement campaigns at different stages of 
plant growth, mixed use of field and laboratory methods).  
The alterations in soil structure effectively modify the redistribution, infiltration and storage of 
water in the soil and thus the water budget components. Despite ample evidence on the relevance 
of including time-variant SHP in hydrological models, such efforts are currently quite limited. 
The present study addresses these research gaps by quantifying the alterations in SHP and 
evaluating a modeling approach for its feasibility in capturing the dynamics of soil structure. The 
specific objectives of the study were (1) to investigate the quantitative effects of agricultural 
practices on soil structure and hydraulic properties and the subsequent response of the water 
balance components; (2) to evaluate a pore space evolution model for its capability in predicting 
the evolution of soil pore size distribution for the following two cases: (a) when there is a change 
in the tillage regime and/or land-use change (b) in the months following tillage (3) to derive 
corresponding soil water retention and hydraulic conductivity functions to incorporate them in 
hydrological models. 
To achieve these objectives, a review of studies that captured the effects of management 
practices and natural stresses was initially done. The dynamics in parameters such as bulk 
density, saturated water content, hydraulic conductivity in both the saturated and unsaturated 
range, water retention curve and plant available water capacity were studied. However, the 
results of existing studies could not be generalized owing to site-specific climatic and soil 
physical factors as well as inconsistencies in measurement practices. Moreover, it was also seen 
that incorporating the temporal dynamics of SHP significantly improves the outcomes of 
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hydrological models with respect to reliability and accuracy. When there was sufficient 
confirmation on the temporal variability of soil structural and hydraulic properties, efforts to 
identify water retention parameter data sets that were measured through various points in time in 
the same study was undertaken. These data sets were used to evaluate a model that captured the 
evolution of soil pore space with respect to time and pore radius. The pore evolution model took 
into account the changes in mean, the variance of pore radii and instantaneous collapse of large 
pores following tillage by means of the drift, dispersion and degradation terms. The coefficients 
were quantified using previously developed mathematical models as well as by means of 
moment analysis. The initial PSD was characterized using the lognormal distribution function of 
Kosugi (1994).  
We predicted the evolution of soil pore space following tillage as well as when there is a change 
in the tillage regime. The evaluation of the model to capture the seasonal evolution of soil pore 
space is new and has not been done before. As a further step, the relevance of the model to 
predict pore space dynamics throughout a season when only the initial and final water retention 
parameters after tillage are known was also investigated. Later, the water retention curve was 
obtained by integrating the area under the pore size distribution curve. The saturated hydraulic 
conductivity was estimated by means of the Kozeny-Carman relationship. Finally the relative 
unsaturated hydraulic conductivity (𝐾𝑟) was determined by means of the function of Mualem 
(1976). A graphical summary of the methods used in this study is provided in Figure 20. 
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Figure 20 Graphical summary of the methods used in this study 
The values of the drift term and the cumulative drift value gave an estimate of the change in the 
mean pore radii, and the r2 and RMSE values showed the goodness of fit of the model. 
Following tillage, the general trend follows a loss of large pores and an increase in the spread of 
the pores (increase in σ). However, not all studies exhibited this trend. Some studies showed 
aggregation and an increase in the mean pore size after tillage. In most cases, the model was able 
to capture very well the post-tillage changes, especially for a pressure head range between 0 and 
330 cm where the most changes after tillage are expected to occur. Furthermore, the model was 
able to capture the pore space dynamics throughout a season with only the initial and final WRP. 
This implies that fewer measurement campaigns may not affect the model’s ability to predict 
temporal variability of SHP through a season. The derivation of the water retention curve and 
hydraulic conductivity function was also achievable and corroborated with the observed values.  
In some cases, the model was limited in its performance due to factors such as high effective 
rainfall values. Here, the visible differences in process dynamics under temperate and tropical 
climates become discernible and necessitates the calibration of the model depending on its 
location and land-use. Moreover, providing new initial conditions to the model after a critical 
hydrological event may contribute towards better fits of the model to observed values. However, 
the model proved to be adequate in capturing pore space dynamics for the majority of the studies 
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that were used. Ultimately, it is concluded that the model provides a reasonable fit by taking into 
account the many assumptions and the lack of temporally variant sufficient datasets for different 
management practices. The main limitation for the application of the model is the lack of 
adequate datasets for different management practices, soil types, and climate regimes. The 
availability of such data may be useful in calibrating and including new coefficients and 
sink/source terms for the model. 
The current modeling framework enables us to predict the effects of tillage on soil PSD at a 
given time after the disturbance as well as the temporal changes in saturated hydraulic 
conductivity and unsaturated hydraulic conductivity from an initial state (e.g., after tillage 
operations) to a final state (e.g., before harvest). The model also shows the potential to reduce the 
number of measurements we may have to take to capture the dynamics of soil PSD. The 
implementation of such time-variable functions for SHP in current hydrological models may be 
used to quantify the impact of management-induced changes in soil structure on water and matter 
fluxes. Our ability to evaluate the effects of different AMPs on soil PSD and SHP may improve 
hydrological and land-use simulation studies for better use of resources and for minimizing the 
impacts of such practices 
There arise several questions with respect to inclusion of temporal variations of SHP in 
measurement strategies and hydrological modeling. How often or frequently should we take 
measurements to account for temporal variations in SHP? How long will it take for the soil 
structure to reach a quasi-static equilibrium after a land-use change or management practice? 
How would we separate the changes induced by a combination of agricultural management 
practices and how can we standardize the measurement process? How complex and feasible will 
a process-based model be that takes into account the interaction between different environmental 
and anthropogenic factors to account for temporal variation of SHP? To answer these questions 
using modeling tools, the limiting factor is not in the theoretical part but rather the lack of 
adequate soil structural and hydrologic data. 
Overall, this study has demonstrated the applicability of modeling the temporal dynamics of soil 
structure and hydraulic properties. However, the study is limited to the effects of tillage and to 
some extent climatic influences. The lack of sufficient data for model calibration and validation 
has also been identified as a limitation in this study. Moreover, the temporal dynamics of solute 
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fluxes and organic C is also highly relevant for crop growth as well as to mitigate climate change 
impacts. Through this study, it is hoped that future measurement campaigns will include data sets 
that take into account temporal dynamics of soil structure. This will pave the way for 
generalizing the model towards application in different climate regimes and soil types. 
Furthermore, future studies may apply the current modeling approach for evaluating the 
seasonality of nutrient dynamics and between different land-uses. Such comprehensive modeling 
approaches may enable us to make better decisions in land-use planning with a view to feed our 
growing population in the midst of climate vagaries.  
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Appendix: Python codes  
A: Initial pore size distribution 
# Import modules 
import numpy as np 
# Function for initial pore size distribution using Kosugi's lognormal distribution function 
def initial_PSD(r, TS, TR, sig, rm): 
    "" 
Parameters 
--------------------------------------------------------------------------------------------------------------------------- ----------------- 
    r: range of pore radii 
    TS: saturated water content   
    TR: residual water content 
    sig: sigma 
    rm: median pore radius 
    Returns 
 ---------------------------------------------------------------------------------------------------------------------------- ------------- 
Pore size distribution at r 
    """ 
    return (TS - TR)/(sig * np.sqrt(2*np.pi) * r) * (np.exp((-(np.log(r/rm))**2)/(2*sig**2))) 
#===============================================================================
========= 
B. Zero order moment 
# Import modules 
import numpy as np 
from scipy import integrate 
def PSD(r, TS, TR, sig, rm): 
    """ 
    Parameters 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
     r: range of pore radii 
    TS: saturated water content   
    TR: residual water content 
    sig: sigma 
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    rm: median pore radius 
    Returns 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
 Pore size distribution at r (after which the zero order moment can be obtained) 
    """ 
    return (TS - TR)/(sig * np.sqrt(2*np.pi) * r) * (np.exp((-(np.log(r/rm))**2)/(2*sig**2)))     
zero_moment = integrate.quad(zero_moment, 0, np.inf)[0] 
def V(t): 
       a = 0.1 
       b = 18.1 
       rm = 33.9 
       r = (b * rm)/(rm + (b - rm)*np.exp(-a * t)) 
       return (a * (1-(r/b)) * r) 
#=============================================================================== 
C. Degradation term 
#%% import modules 
import numpy as np 
# Degradation term 
def Z(t, c, d): 
       """ 
   Parameters 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    t  : Time at point of measurement 
    c,d: Empirical coefficents from zero order moment 
    Returns 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    Degradation at time t 
    """ 
    return d * np.exp (c*t) 
#===============================================================================    
D. Drift term 
#%% Import modules 
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import numpy as np 
# Drift term using moment analysis 
def drift_term_moment(rm, sig): 
     """ 
    Parameters 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    sig: sigma 
    rm: median pore radius 
    Returns 
 ------------------------------------------------------------------------------------------------------------------------------------------- 
    Drift term (first order normalized moment)  
    """ 
    return rm * np.exp((sig**2)/2) 
#=============================================================================== 
# Drift term using existing mathematical expression 
def drift_term_expression(t, a, b, rm): 
     """ 
    Parameters 
 --------------------------------------------------------------------------------------------------------------------------- --- 
    rm: median pore radius 
    a : temporal value of drift term 
    b : absolute value of drift term 
    t : Time at point of measurement 
    Returns 
 -------------------------------------------------------------------------------------------------------------------- ---------- 
    Drift term from existing mathematical expression 
    """ 
    r = (b * rm)/(rm + (b - rm)*np.exp(-a * t)) 
    return (a * (1-(r/b)) * r)     
#======================================================================= 
# Cumulative drift term  
def CT(f, a, b, N) : 
       """ 
    Parameters 
 --------------------------------------------------------------------------------------------------------------------------- --- 
    f  : Integrand (drift term function) 
    a,b: initial and final number of days of measurements 
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    N  : number of time steps 
    Returns 
 --------------------------------------------------------------------------------------------------------------------------- --- 
    Cumulative drift term 
    """ 
       t = np.linspace(a, b, N) 
       ft = f(t) 
       CuT = np.sum(ft) * (b-a)/N 
       return (CuT) 
#=============================================================================== 
E. Analytical solution 
#%% import modules 
import numpy as np 
from scipy import integrate     
# Fraction term with the exponential 
M = integrate.quad(Z, 0, T)[0] 
# Exponential term before the intergral 
E = np.exp(M/T) # Exponential term 
# Optimization of lambda 
def f0(x): 
    """ 
    Parameters 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    TSi: initial measured saturated water content   
    TRi: initial measured residual water content 
    sigi: initial sigma 
    rmi: initial median pore radius 
    Returns 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    Initial pore size distribution 
    """ 
        return (TSi - TRi)/(x * sigi* np.sqrt(2*np.pi)) * (np.exp((-(np.log(x/rmi))**2)/(2*Si**2))) 
def part1(x,a,b,lam): 
        """ 
    Parameters 
 ------------------------------------------------------------------------------------------------------------------------ ------------------- 
    a,b: integration variables 
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    lam: lambda, the parameter to be optimized  
    Returns 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    Part of the analytical solution 
    """ 
        return ((1/(np.sqrt(4*b*lam*np.pi))  * ((np.exp(-((a-x+b)**2)/(4*b*lam))) + (np.exp((-a/lam) - (((a+x-
b)**2)/(4*b*lam))))))) + ((1/(2*lam)) * np.exp(-a/lam) * special.erfc((a+x-b)/(np.sqrt(4*b*lam)))) 
 
def part2(x,a,b,lam): 
     """ 
    Parameters 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    a,b: integration variables 
    lam: lambda, the parameter to be optimized  
    Returns 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    Pieced together parts of the analytical solution 
    """ 
        return f0(x) * (part1(x,a,b,lam)) 
def I(a,b,lam): 
     """ 
    Parameters 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    a,b: integration variables 
    lam: lambda, the parameter to be optimized  
    Returns 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    Analytical solution (without the exponential part) 
    """ 
        II = integrate.quad(part2, 0, np.inf, args = (a,b,lam))[0] 
        return II 
 
# Predicted values 
def pred(r_meas,lam): 
     """ 
    Parameters 
 ------------------------------------------------------------------------------------------------------------- ------------------------------ 
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    r_meas: Pore radius at which water retention parameters were measured 
    lam: lambda, the parameter to be optimized  
    Returns 
 --------------------------------------------------------------------------------------------------------------------------- ---------------- 
    Predictions for the optimization process 
    """ 
     PSD=[] 
     for i in range(len(r_meas)): 
         PS = I(r_meas[i], T, lam) # T is the cumulative drift term 
         PSD.append(PS) 
     return PSD 
# Observed values to optimize lambda  
# o stands for observed 
fit = PSD(r_meas, TSo, TRo, sigo, rmo)      
popt, pcov = curve_fit(pred, r_meas, fit)   # Levenberg-Marquardt optimization 
# popt gives the optimized value of lambda 
#=============================================================================== 
 
 
 
 
 
